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PREFA(^E TO SECOND EDITION 

The present rovLsion is based largely on the experience of those 
who have used the book in the class-room, and is intended to 
make it more efficient as a text as well as a more complete work 
for general reference. To effect this several changes in typog- 
raphy have been made, as well as important alterations in the 
text. For instance, each paragraph has been numbered for ease 
of reference, while the classical terms hydrostatics, hydrokinetics, 
and hydrodynamics have been replaced by the more familiar and 
descriptive names ** pressure of water,*' **flow of water/' and 
** energy of flow/' 

The principal additions to the text consist of a more complete* 
and up-to-date discussion of the flow of water in pipes, with 
special reference to the exponential formula and its graphical 
solution; a summar>' of the principal formulas for the strength 
of pipe; a more extended discussion of weir formulas; a fuller 
presentation of the modern use of siphons on a large scale; recent 
developments in the theory of \vater hammer; and the modern 
solution of penstock and surge tank problems. Numerous minor 
changes have also been made wherever such changes seemed 
indicated for additional clearness or proper emphasis. For in- 
stance, the applicability of Chezy's formula to pipe flow as well 
as to open channels has been pointed out; the turbine constants 
have been revised to date; the principles of draft tube design 
indicated; the mathematical liiscussion of back-water has been 
replaced by a simple application of Chezy's formula; while special 
care has been taken to correct all misprints as well as inaccuracies 
of statement. 

A complete set of answers to problems has been prepared, and 

is printed separately. 

S. E. Slocum. 
^ December y 1916. 
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PREFACE TO FIRST EDITION 

The remarkable impetus recently given to hydraulic develop- 
ment in this country has caused the whole subject to assimie a 
new aspect. Not only is this apparent in new and improved con- 
struction details, but in the scientific study which is beginning to 
be given a subject which seemed to have crystallized into a set 
of empirical formulas. 

Such comprehensive plans as those recently undertaken by the 
State of New York and the Dominion of Canada for the system- 
atic development of all their available water power, indicates the 
extent of the field now opening to the hydraulic engineer. The 
extent and cheapness of the natural power obtained not only from 
the development of existing streams but abo from the artificial 
pondage of storm water is sufficient to convince even the most 
casual observer that no phase of conservation will have a more 
immediate effect on our industrial development or be more far 
reaching in its consequences. 

The present text is intended to be a modem presentation of the 
fundamental principles of hydraulics, with applications to recent 
important works such as the Catsldll aqueduct, the New York 
State barge canal, and the power plants at Niagara Falls and 
Keokuk. Although the text stops short of turbine design, the 
recent work of Zowski and of Baashuus is so presented as to en- 
able the young engineer to make an intelligent choice of the type 
of development and selection of runner. 

In order to make the book of practical working value, a col- 
lection of typical modem problems is added at the end of each 
section, and a set of the most useful hydraulic data has been 
compiled and is tabulated at the end of the volimie. 

Cincinnati, Ohio, S. E. Slocum. 

January^ 1915. . 
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SECTION 1 
PRESSURE OF WATER 

I. PROPERTIES OF A PERFECT FLUID 

1. Definition of Fluid. — A fluid is defined, in general, as a 
substance which offers no resistance to change in form provided 
this deformation is not accompanied by change in volume. 
The fundamental property of a fluid is the perfect mobility of 
all its parts. 

Most of the applications of the mechanics of fluids relate to 
water, and this domain of mechanics is therefore usually called 
hydravlicB or hydrofnedhanics. It is customary to subdivide 
the subject into hydrosiaiics, relating to water at rest; hydro- 
kinetics, relating to water in motion; and hydrodynamics , relating 
to the inertia forces exerted by fluids in motion, and the energy 
available from them. 

2. Distinction between Liquid and Gas. — A liquid such as 
water lias a certain degree of cohesion, causing it to form in 
drops, whereas a gaseous fluid tends to expand indefinitely. A 
gas is therefore only in equilibrium when it is entirely enclosed. 
In considering elastic fluids such as gas and steam, it is always 
necessary to take account of the relation between volume and 
pressure. For a constant pressure the volume also changes 
greatly with the temperature. For this reason the mechanics of 
gases is concerned chiefly with heat phenomena, and forms a 
separate field called thermodynamics, lying outside, and sup- 
plementary to, the domain of ordinary mechanics. 

3. Elasticity of Water. — Water, like oth^r fluids, is elastic, 
and under heavy pressure its volume is slightly diminished. It 
has been found by experiment that a pressure of one atmosphere, 
or 14.7 lb. per sq. in., exerted on each face of a cube of water at 

1 



2 ELEMENTS OF HYDRAULICS 

32^F. causes it to diminish about 0.00005 in volume. Conse- 
quently, the bulk modulus of elasticity of water, B, defined as 

~ imit stress 

"" unit volume deformation 

has as its numerical value 

B = Q^^g = 294,000 lb. per sq. in. (1) 

As the change in voliime is so small it is sufficiently accurate for 
most purposes to assume that water is incompressible. An ex- 
ception to this rule will be found in Art. XL. 

4. Fluid Pressure Normal to Surface. — Since a perfect fluid is 
one which offers no resistance to change in form, it follows that 
the pressing on any element of smf ace of the fluid is everywhere 
normal to the smface. To prove this proposition, consider any 
small portion of a fluid at rest, say a small cube. Since this cube 
is assumed to be at rest, the forces acting on it must be in equi- 
librium. In the case of a fluid, however, the general conditions 
of equilibrium are necessary but not sufficient, since they take no 
accoimt of the fact that the fluid offers no resistance to change 
in form. Suppose, therefore, that the small cube under con- 
sideration imdergoes a change in form and position without any 
change in volume. Since the fluid offers no resistance to this 
deformation, the total work done on the elementary cube in 
producing the given change must be zero. 

In particular, suppose that the cube is separated into two parts 
by a plane section, and that the deformation consists in sliding 
one of these parts on the other, or a shear as it is called. Then 
in addition to the forces acting on the outside of each part, it is 
necessary to consider those acting across the plane section. But 
the total work done on each part separately must be zero inde- 
pendently of the other part, and also the total work done on the 
entire cube must be zero. Therefore, by subtraction, the work 
done by the forces acting across the plane section must be zero. 
But when any force is displaced it does work equal in amount to 
the product of this displacement by the component of the force 
in the direction of the displacement. Therefore if the work done 
by the force acting across the plane section of the cube is zero, 
this force can have no component in the plane of the section, and 
must therefore be normal, i.e., perpendicular, to the section. 
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6. Viscosity. — This absence of shear is only rigorously true for 
an ideal fluid. For water there is a certain amount of shear due 
to internal friction, or viscosity, but it is so small as to be practi- 
cally negligible. The greater the shear the more viscous the 
fluid is said to be, and its amount may be taken as a measure of 
viscosity. It is found by experiment that the internal friction 
depends on the difference in velocity between adjacent particles, 
and for a given difference in velocity, on the nature of the fluid. 
The viscosity of fluids is therefore of great importance in consider* 
ing their motion, but does not affect their static equilibrium. 
For any fluid at rest, the pressure is always normal to any element 
of surface. 

6. Density of Water. — In hydraulic calculations the unit of 
weight may be taken as the weight of a cubic foot of water at 
its temperatiu'e of greatest density, namely, 39®F. or 4**C. It 
is found by accurate measurement that a cubic foot of water at 
BO^'F. weighs 62.42 lb. This constant will be denoted in what 
follows by the Greek letter 7. In all numerical calculations it 
must be remembered therefore that 

7 = 62.4 lb. per cu. ft (2) 

The density and volume of water at various temperatures are 
given in Table 1. 

7. Specific Weight. — The weights of all substances, whether 
liquids or solids, may be expressed in terms of the weight of an 
equal volume of water. |This ratio of the weight of a given 
volume of any substance to that of an e qual v olume of water is 
called the specific weight of the substance, and will be denoted in 
what follows by «. For instance, a cubic foot of mercury weighs 
848.7 lb., and its specific weight is therefore 

f*o A = 13.6 approximately. 
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8 = 



Its exact value at O^C. ias = 13.596, as may be found in Table 5. 
The weight of 1 cu. ft. of any substance in terms of its specific 
weight is then given by the relation 

Weight = 7« = 62.4s lb. per cu. ft. 

n. PRESSURE OF WATER 

8. Equal Transmission of Pressure. — The fundamental princi- 
ple of hydrostatics is that when a fluid at rest has pressure applied 
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Fig. 1. 



to any portion of its surface, this pressure is transmitted equally 

to all parts of the fluid. 
To prove this principle consider any portion of the fluid limited 

by a bounding surface of any form, 
and suppose that a small cylin- 
drical portion is forced in at one 
point and out at another, the rest 
of the boundary remaining un- 
changed (Fig. 1). Then if AA de- 
notes the cross-sectional area of 
one cylinder and An its height, its 
volume is A A- An. Similarly, the 
volume of the other cylinder is 
AA'An'j and, since the fluid is asr 
sumed to be incompressible, 

AA'An = AA''An\ 

Now let p denote the unit pressure on the end of the first cylinder, 
i.e., the intensity of pressure, or its amount in pounds per square 
inch. Then the total pressure normal to the end is pAA^ and the 
work done by this force in moving the distance An is pAAAn. 
Similarly, the work done on the other cylinder is p'AA'An', 
Also, if y denotes the heaviness of the fluid per unit volume, the 
work done by gravity in moving this weight 7AAAn through the 
distance A, where h denotes the difference in level between 
the two elements considered, is yAA-Anh, Therefore, equating 
the work done on the fluid to that done by it, we hiave 

pAA-An + yAAAnh = p'-AA'-An'. 

Since Ail An = AA'Avf, this reduces to 

p' = p + 7I1. (3) 

If A = 0, then p' = p. Therefore the pressure at any point in 
a perfect fluid is the same in every direction. Also the pressure 
at the same level is everywhere the same. 

Molreover, if the intensity of pressure p at any point is increased 
by an amount w?, so that it becomes p + w^ then by Eq. (3) the 
intensity of pressure at any other point at a difference of level 
h becomes 

p" = (p + ty) + yh. 

But since p' = p + 7A, we have by subtraction, 

p" = p' + 'w, 
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that is, the intensity of pressure at any other point is increased 
by the same amount w. A pressure applied at any point is 
therefore transmitted equally to all parts of the fluid. 

For fluids such as gas and steam the term yh is negligible, and 
consequently for such fluids the intensity of pressure may be 
assumed to be everywhere the same. 

9, Pressure Proportional to Area. — To illustrate the applica- 
tion of this principle consider a closed vessel or tank, filled with 
water, having two cylindrical openings at the same level, closed 
by movable pistons (Fig. 2) . If a load P is applied to one piston. 





FiQ. 2. 



Fig. 3. 



then in accordance with the result just proved there is an in- 
crease of pressure throughout the vessel of amount 

P 
^ = i 

where A denotes the area of the piston. The force P' exerted 
on the second piston of area A' is therefore 

PA' 



whence 



P' = pA' = 
P A 



The two forces considered are therefore in the same ratio as their 
respective areas. This relation remains true whatever shape the 
ends of the pistons may have, the areas A and A' in any case 
being the cross-sectional areas of the openings. For instance, 
an enlargement of the end of the piston, such as shown in Fig. 3, 
has no effect on the force transmitted, since the upward and 
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downward pressures on the ring of area 7 cancel, leaving 

-7- as the effective area. 

10. Hydraulic Press. — An important practical application of 
the law of hydrostatic pressure is found in the hydraulic press. 
In its essential features this consists of two cylinders, one large 
and one small, each fitted with a piston or plunger, and connected 
by a pipe through which water can pass from one cylinder to the 




Fig. 4. 

other (Fig. 4). Let p denote the intensity of pressure within the 
fluid, D, d the diameters of the two plungers, P the load applied 
to one and W the load supported by the other, as indicated in 
the figure. Then 

W = -j-'P, P =-j-p 

P - d^- (*) 

If the small plunger moves inward a distance h, the large one 
will be forced out a distance H such that each will displace the 
same volimie, or 



and consequently 



whence 



D^ 
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Neglecting friction, the work done by the force P in moving 
the distance h is then 



Ph = 



'■(«f) = «(4) 



■ HW, 






/ 



and is therefore equal to the work done in raising W the dis- 
tance H. 

11. Frictionat Resistance of Packing. — Usually, however, 
there is considerable f rictional resistance to be overcome, since for 
high pressures, common in hy- 
draulic presses, heavy packing 
is necessary to prevent leakage. 
One form of packing extensively 
used is the U leather packing 
shown in Fig. 5. In this form 
of packing the water leaking 
past the plunger, or ram as it is 
often called, enters the leather 
cup, pressing one side against 
the cylinder and the other 
against the ram, the pressure 
preventing leakage being pro- 
portional to the pressure of the 
water. 

To take into account the f ric- 
tional resistance in this case, let ^ '»■ -^ 
It denote the coefficient of friction between leather and ram, 
C, e the depths of the packing on the large and small ranu 
(Fig. 4), and p the mtensity of water pressure. Then the area 
of leather in contact with the large ram is wDC and its frictional 
resistance is therefore ttDCpix. Similarly, the frictional resistance 
for the small ram is wdcpn. ConsequentJy 



CJ 



ImP'DC 



and 



» - ixprDC, 



p = -— p + pprdc, 



(5) 
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12. Efficiency of Hydraulic Press. — The efficieDcy of any ap- 
paratus or machine for transforming energy is defined as 

, _ U seful work or effort 

I'.tticiency - .^^^ available work or effort' 

and is therefore always less than unity. In the present case 
if there were no frictional resistance, the relation between W 
and P would be given by Eq. (4). The efficiency for this type 
of press is therefore the ratio of the two equations (5) and (4), or 

>-^ 

Efficiency = — (6) 



m. SIMPLE PRESSURE MACHINES 

13. Hydraulic Intenufier. — 
Besides the hydraulic press de- 
scribed in Art. II there are a 
number of simple pressure ma- 
chines based on the principle of 
equal distribution of pressure 
throughout a liquid. Four types 
are here illustrated and de- 
scribed, as well as their combina- 
tion in a hydraulic installation. 

When a hydraulic machine 
such as a punch or riveter is 
finishing the operation, it is re- 
quired to exert a much greater 
force than at the beginning of 
the stroke. To provide this in- 
crease in pressure, an inUnstfier 
is used (Fig. 6). This consists 
of several cylinders telescoped 
one inside another. Thus in 
Fig. 6, which shows a simple 
form of intensifier, the largest 
cylinder A is fitted with a ram B. 
This ram is hollowed out to 

form another cylinder C, fitted with a smaller ram D, which is 

fixed to the yoke at the top. 




Fig. 6.— Intensifier. 
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In operation, water at the ordinary pump pressure enters 
the cylinder A through the intake, thereby forcing the ram B 
upward. This has the effect of forcing the ram D into the 
cylinder C, and the water in C is thereby forced out through D, 
which is hollow, at an increased pressure. Let pi denote the 
pressure of the feed water, pi the intensified pressure in C and 
di, dj the diameters of the cylinders B and C respectively, as 
indicated in the figure. Then 



whence 



-T-Pi = —i-Pi 



Pi ^ dj* 
Pi d/ 



& 



LJ) 



JDl 



— fi, 



o 



"W 



t, : 



e 



WeiffhU 



^ 



The intensity of pressure in the 
cylinders is therefore inversely pro- 
portional to the areas of the rams. 

When a greater intensification of 
pressure is required a compound 
intensifier is used, consisting of 
three or four cylinders and rams, 
nested in telescopic form, the 
general arrangement and principle 
of operation being the same as in 
the simple intensifier shown in 
Fig. 6. 

14. Hydraulic Accumulator. — A 
hydraulic accumvlaior is a pressure 
regulator or governor, and bears 
somewhat the same relation to a 
hydraulic system that the flywheel 
does to an engine; that is, it stores 
up the excess pump delivery when 
the pumps are delivering more than 

is being used, and delivers it again under pressure when the 
demand is greater than the supply. 

There are two principal types of hydraulic accumulator, in one 
of which the ram is fixed or stationary, and in the other the cylin- 
der. The latter type is shown in Fig. 7. When the delivery of 
the pmnps is greater or less than required by the machine, water 
enters or leaves the cylinder of the accumulator through the 



^---".- Ezl Water 



] 



Fio. 7. — Accumulator. 
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pipe A. The ram is thereby raised or lowered, and with it the 
weights suspended by the yoke from its upper end. The pressure 
in the system is thereby maintained constant and free from the 
pulsations of the pump. 

The capacUy of the accumulator is equal to the volume of the 
ram displacement, and should be equal to the delivery from the 
pump in five or six revolutions. 

The diameter of the ram should be large enough to prevent a 
high speed in descent, so as to avoid the inertia forces set up by 
sudden changes in speed. 

16. Hydraulic Jack. — ^The hydraulic jack is a lifting apparatus 
operated by the pressure of a liquid under the action of a force 



^^. 




I. 8. — Hydraulic jadE. 



pump. Thus in Fig. 8 the band lever operates the pump piston 
B, which forces water from the reservoir A in the top of the ram 
through the valve at C into the pressure chamber D under the 
ram. The force exerted is thereby increased in the direct ratio 
of the areas of the two pistons. Thus if the diameter of the pump 
piston is 1 in. and the diameter of the lifting piston or ram is 4 
in., the area of the ram will be sixteen times that of the pump 
piston. If then a load of, say, 3 tons is applied to the pump 
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pieton by means of the lever, the ram will exert an upward lift- 
ing force of 48 tons. 

16. Hydraulic Crane. — The hydraulic crane, shown in Fig. 9, 
consists essentially of a ram and cylinder, each carrying a set of 
pulleys. A chain or rope is passed continuously over the two 
sets of pulleys as in the case of an ordinary block and tackle, the 




Fio, 9.— Hydraulic 



free end passing over guide pulleys to the load to be lifted. 
When water is pumped into the cylinder under pressure, the two 
pulley blocks are forced apart, thereby lifting the load at the 
free end of the chain or rope. 

17. Hydraulic Elevator. — In hydraulic installations two or 
more of these simple pressure machines are often combined, as 
in the hydraulic elevator shown in Fig. 10. In this case the ac- 
cumulator serves to equalize the pump pressure, making the 
operation of the system smooth and uniform. 
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The main valve for starting and stopping is operated, in the 
type shown, by the discharge pressure, maintained by means of 
an elevated discbarge reservoir. A pilot valve, operated from 




Fia. 10. — Hydraulic elevator. 

the elevator cab, admits this low-pressure discharge water to 
opposite sides of the main valve piston as desired, thereby either 
admitting high-pressure water from the pump and accumulator, 
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or opening the outlet valve into the discharge. The other details 
of the installation are indicated on the diagram. 

IV. PRESSURE ON SUBMERGED SURFACES 

18. Change of Pressure wiih Depth. — For a liquid at rest in 
an open vessel or tank, the free upper surface is perfectly level. 
Let the atmospheric pressure on this surface be denoted by p. 
Then, from Eq. (3), the pressure p' at a depth h below the surface 
is given by 

P' = P + TfA. 

Since the atmospheric pressure is practically constant, the 
free surface of the liquid may be assumed as a surface of zero 
pressure when considering only the pressure due to the weight 
of the liquid. In this case p = 0, and the pressure p' at any depth 
h, due to the weight of the liquid, becomes 



P' = 7h- 



(7) 



Hence the pressure at any point in a liquid due to its own weight 
is directly proportional to the depth of this point below the free 
upper surface. 

Moreover, let AA denote any element of a submerged surface. 
Then the pressure on it is 

p'AA = yhAA. 

Therefore, the pressure on any 
element of area of a submerged 
surface is equal to the weight of 
a column of water of cross-sec- 
tion equal to the element con- 
sidered, and of height equal to 
the depth of this element below 
the surface. 

19. Pressure on Submerged 
Area. — Consider the pressure 
on any finite area A in the side 
of a tank a reservoir contain- 
ing a liquid at rest (Fig. 11). Let AA denote any element of this 
area and x its distance below the surface of the liquid. Then, 
by what precedes, the pressure on this elementary area is 

yxAA, 




Fig. 11. 
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For a portion of the wall of length &, the pressure acting on it 
will then be equal to the weight of the water prism OEF, namely, 

P = 7^'; (9) 

and the center of pressure will coincide with the center of gravity 
of this prism. It therefore lies at a distance of %h below the 
water surface, which is below the center of gravity of the rectan- 
gular area imder pressure since the latter is at a distance of ^ 

from the surface. 

21. General Formula for Center of Pressure. — ^To obtain a 
general expression for the location of the center of pressure, con- 
sider any plane area inclined at an angle a to the horizontal (or 
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water surface) and subjected to a hydrostatic pressure on one 
side. Let OCy denote the line of intersection of the plane in 
which the given area lies with the water surface (Fig. 13). Also, 
let Ail denote any element of the given area, h the depth of this 
element below the surface, and x its distance from 0(y, as indi- 
cated in the figure. Then from Eq. (7), the pressure AP acting 
on this element is 

AP = yhAA, 

and the moment of this force with respect to the line (X/ is 

zAP = yhxAA. 

Now let P denote the total resultant pressure on the area A and 
Xp the distance of the point of application of this resultant from 
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00\ I.e., Xe represents the x coordinate of the center of pressure. 
Then since the sum of the moments of all the elements of pres- 
sure with respect to any axis 00' is equal to the moment of their 
resultant with respect to this axis, we have 

SxAP = PxJ ^ 

But AP = yhAA and P = '27/iAA. Consequently this becomes 

27/ixAA = Xc^^h^. 
Also, since 

h = X sin a, 
this may be written 

y sin aZx^AA = y sin aXcZxAA 

or, cancelling the common factor 7 sin a, 

Sx*AA = XcSxAA-v 

The left member of this expression is by definition the moment of 
inertia, I, of the area A with respect to the line 00' , that is 

I = Sx^AA, 

while by the formula for the center of gravity of any area A we 

also have 

DxAA = XoA . 

where Xo denotes the x coordinate of the center of gravity of A. 
The X coordinate of the center of pressure is therefore determined 
by the general formula 

_ ^_ _ Mo ment o f inertia 
* ~ Axo ~ Statical moment 

22. Application. — In applying this formula it is convenient 
to use the familiar relation 

I = I^ + Ad2 
where 
/ = moment of inertia of A with respect to the axis 00^; 
Ig = moment of inertia of A with respect to a gravity axis 

parallel to 00'; 
d = distance between these two parallel axes. 
For example, in the case of the vertical dam under a hydrostatic 
head h, considered above, we have for a rectangle of breadth 6 
and height h, 

^^ = 12" 
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Consequently the moment of inertia / with respect to its upper 
edge is 

and therefore the depth of the center of pressure below the sur- 
face is 

W 

J 



X, = 



Axo 



bh 



3 -h 



© 



which, of course, agrees with the result obtained geometrically. 



V. STRENGTH OF PIPES UNDER INTERNAL PRESSURE 

23. Thin Cylinder. — In the case of a pipe flowing full, the 
pressure of the liquid produces stress in the pipe walls. Assum- 
ing the internal pressure of the liquid to be constant at any sec- 
tion, let 

/ = unit fiber stress in pipe 

(hoop stress) in pounds 

per square inch; 
w = unit internal fluid pressure 

in pounds per square inch ; 
t ^ thickness of pipe walls; 
d. = inside diameter of pipe; 
D ^ outside diameter of pipe. 

Now suppose that the pipe is 

divided longitudinally by a plane 

through its axis, and consider a 

section cut out of either half 

by two pknes perpendicular to the axis, at a distance apart 

denoted by c (Fig. 14). Then the total internal pressure on the 

strip under consideration is cwd, and the total resisting tension 

in the pipe walls is 2ctf. Consequently cwd » 2ctf, whence 

^^ (10) 




f = 



2t 



This formula applies primarily to a thin cylinder or pipe, that is, 
one for which ^ ^ 0.025. 

3 
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SA* Ijtanfft FofnmbL — Yfx thick ejlinders, in which the 
thiekneflf of the cylinder is niiH neigligiFyie in comparison with the 

dijuneter, <x in other wcH'ds cylinders for which ^ > 0.025. the 

formula commonly used is that doe to Lam^, namdy, 

way + d^ji, 

D» - d* ^ ^ 

26. Barlow's Formula. — ^Another formula which is widely used 
because of its simplicity is that due to Barlow. The derivation 
of this formula is based on the assumptions that the area ol 
cross-section of the tube remains constant under the strain, and 
that the length of the tube also remains unaltered. As neither 
of these assumptions is correct, the resulting formula is only 
approximate. Using the same notation as above. Barlow's 
formula is 

f = ^ (12) 

Evidently it is of the same form as the formula derived above for 
the hoop stress in a thin cylinder, except that it is expressed in 
terms of the auiside diameter of the pipe instead of its inside 
diameter. 

From the results of their experience in the manufacture and 
testing of tubes, however, the National Tube Co. asserts that 

for any ratio of ^ < 0.3, Barlow's formula ''is best suited for all 

ordinary calculations pertaining to the bursting strength of 
commercial tubes, pipes and cylinders." 

For certain classes of seamless tubes and cylinders, however, 
and for critical examination of welded pipe for which the least 
thickness of wall, yield point of the material, etc., are known 
with accuracy and close results are desired, they recommend 
that the following formulas due to Clavarino and Bimie be used 
rather than Barlow's. 

26. Clavarino's Formula. — In the derivation of Clavarino's 
formula each particle of the tube is assumed to be subjected to 
radial stress, hoop stress and longitudinal stress, due to a uni- 
form internal pressure acting jointly on the walls of the tube and 
its closed ends. The derivation also involves Poisson's ratio 

> For the derivation of this formula see Slocum, ''Resistance of Mate- 
rials/' p. 123 (Ginn & Ck>.). 
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^13 



10T>» - d«; ' 



whence abo 



d = D 



lOf-iaw, 



lU) 



ST. Binne's FonmibL — ^The derirstion of Bimie's formuU is 
based npaa the same asEiimption as Qavarino's except that the 
longitudinal stress is aasomed to be aero. Aborning Pdbsoo s 
ratio for sted to be 0^ and using the sime nolatioD as 
Bimie's formula is 

W(11D> -r 7d«> 



-' f 



f = 



lOCD* - d») * 



(15) 
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Fig. 1«. 



by a tube, the fluid will stand at the same level in both vesseb 
(Fig. 15). If the two vessels contain different fluids which are 
of different wei^ts per unit of volume, that is to say, of diffenent 
specific gravities, then since the fluid in the connecting tube 
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must exert the same pressure in either direction, the surface of 
the lighter fluid will be higher than that of the hea-vier. 

For instance, let 9i and 8% denote the specific gravities of the 
two fluids in the apparatus shown in Fig. 16, and let A denote 
the area of their surface of contact. Then for equilibrium 

yBiAh = ySiAH 
whence 

h St 



H Si 



(17) 



The ratio of the heights of the two fluids above their surface (rf 
separation is therefore inversely proportional to the ratio of their 
specific gravities. 
29. Water Barometer. — If one of the fluids is air and the other 
water, we have what is called a iixrier 
barometer. For example, suppose 
that a long tube closed at one end is 
filled with water and the open end 
corked. Then if it is placed cork 
downward in a vessel of water and 
the cork removed, the water in the 
tube will fall until it stands at a cer- 
tain height h above the surface of the 
water in the open vessel, thus leaving 
a vacuum in the upper end <A the 
tube. The absolute pressure in t^ 
top of the tube, A (Fig. 17), is there- 
fore zero, and. at the surface, B, is 
equal to the pressure of the atmosphere, or approximately 14.7 
lb. per square inch. But from Eq. (3) we have 

Pb = pA + yh 
where in the present case pa = 14.7 lb. per square inch; pA = 0; 
f " 62.4 lb. per cubic foot, and by substitution of these valuos 
we find that 

ft = 34 ft. approximately. 
This is the height, therefore, at which a water column may be 
maintained by ordinary atmospheric pressure. It is therefore 
also the theoretical height to which water may be raised by means 
of an ordinary suction pump. As it is impossible in practice to 
secure a perfect vacuum, however, the actual working lift for a 
suction pump does not exceed 20 or 25 ft. 




Fia. 17. 
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SO. Mercury Barometer. — ^If mercury is used instead of water, 
since the specific gravity of mercury is s = 13.5956, we have 



/.'. 



h = 13 'e X 62.4 " ^° ^'' approximately, 

which is accordingly the approximate height of ai\ ordinary 
mercury barometer. 

31. Piezometer. — When a vessel contains liquid under pressure, 
this pressure is conveniently measured by a simple device called 
a piezometer. In its simplest form this consists merely of a tube 
inserted in the side of the vessel, of sufficient height to prevent 
overflow and large enough in diameter to avoid capillary action, 
say over )^ in. inside diameter. The height of the free surface 
of the liquid in the tube above any point B in the vessel then 
measures the pressure at B (Fig. 18). Since the top of the tube 
is open to the atmosphere, the absolute pressure at fi is that 
due to a head of A + 34 ft. 




ii. 




Fio. 18. — Piesometer. 



Pig. 19. — Pressure gage. 



32. Mercury Pressure Gage. — In general it is convenient to 
use a merciury column instead of a water column, and change the 
form of the apparatus shghtly. Thus Fig. 19 shows a simple 
form of merciuy pressure gage, the diflference in level, fc, of the 
two ends of the mercury colunm measuring the pressure at B, 
Let s denote the specific weight of mercury and «' the specific 
weight of the fluid in the vessel. The pressure at any point C 
in the vessel is then 

p. = 7sh - TsTi'. (18) 
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For example, if the fluid Id the veesel is water, then y ^ 62.4, 
«^ « 1, « » 13.596, and consequently 

Pe = 62.4(13.596fc - h"). 




Fio. 20. — Vacuum gage. 

In case there is a partial vacuum in the vessel, the gage may be 
of the form shown in Fig. 20. The pressure on the free surface. 

AB in the reservoir is then the same 
h ^ \ ^ & as at the top of the barometer col- 

imm, C, namely, 

Pe = 14.7 — 7«fc. 

33. Differential Gage. — When 
differences in pressure are to be 
measured, the gage conmionly used 
is the U-tube differential gage, one 
form of which is shown in Fig. 21. 
In this form the lower part of the 
U-tube is filled with merciury, or some 
other heavy fluid, and from the differ- 
ence in elevation of the two ends of 
the mercury coliunn the difference in 
pressure in the connecting tubes may 
be calculated. 

VIL EQUILIBRIUM OF FLOATINO 

BODIES 
Fig. 21. — Dififerential gage. 

34. Buoyancy. — When a solid body 
floats on the water partially submerged, as in the case of a piece 




PRESSURE OF WATER 



23 



of timber or the hull of a ship, each element of the wetted 
surface experiences a unit normal pressure of amount 

P = 7* 

where h denotes the depth of the element in question below the 
water surface. Since the body is at rest, the total pressure acting 
on the wetted surface together with the wei^t of the body, 
which in this case is the only other external force, must then form 
a system in equilibriunL Since the weight of the body acts 
vertically downward, the water must therefore exert an upward 
pressure of the same amount. This resultant upward pressure 
of the water is called the buoyant effort, or buoyancy, and the 
point of application of this upward force is called the center of 



T=W-B 




Fia 22. 

buoyancy. For equilibrium, therefore, the buoyancy must be 
equal to the wei^t of the body and act vertically upward along 
the same line, since otherwise these two forces would form a 
couple tending to tip or rotate the body (Fig. 22). 

35. FbMtiiig Equifibrinm. — To calculate the buoyancy, sup- 
pose that the solid body is removed and the space it occupied 
below the water line refilled with water. Then since the lateral 
pressure of the water in every direction must be exactly the same 
as before, the buoyancy must be equal to the wei^t of this vol- 
ume of water. The buoyancy is therefore equal to the wei^t 
of the volume of water displaced by the floating body, and the 
center of buoyancy coincides with the center of gravity of the 
disfdacement. For equilibrium, therefore, a solid body must 
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sink until the weight of the water it displaces is equal to the weight 
of the body, and the centers of gravity of the body and its dis- 
placement must lie in the same vertical. 

. These conditions also apply to the case when a body is entirely 
submerged. As the density of water increases with the depth, 
if a solid is slightly heavier than the water it displaces, it will 
sink until it reaches a depth at which the density is such that the 
weight of the water it displaces is exactly equal to its own weight. 
86. Theorem of Archimedes. — If a solid is heavier than the 
weight of water it displaces, equilibriimi may be maintained by 
suspending the body in water by a cord (Fig. 22), in which case 
the tension, T, in the cord is equal to the difference between the 
weight of the body and its buoyancy, that is, the weight of the 
water it displaces. A solid immersed in a liquid therefore loses 
in weight an amoimt equal to the weight of the liquid displaced. 
This is known as the Theorem of Archimedes, and was discovered 
by him about the year 250 B. C. 

37. Physical Definition of Specific Weight — CJonsider a solid 
completely immersed in a liquid, and let V denote the volume of 
the solid, and y the weight of a cubic unit of the liquid, say 1 
cu. ft. Then the buoyancy, B, of the body is 

Also, if 7i denotes the weight of a cubic unit of the solid, regarded 
as imiform and homogeneous, its weight is 

W = 71^. 
The ratio 

I-?-' (") 

is called the specific weight of the solid with respect to the liquid 
in which it is immersed (compare Art. I). In general, the liquid 
to which the specific weight refers is assumed to be water at a 
temperature of 39^F. The specific weight of any substance is 
then that abstract number which expresses how many times 
heavier it is than an equal volume of water at 39°F. The specific 
weight of water is therefore unity; for lighter substances such as 
wood or oil it is less than unity; and for heavier substances like 
lead and mercury it is greater than unity. 

38. Determinntion of Specific Weight by Experiment. — ^The 
specific weight of a body may be determined by first weighing it 
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in air and again when immersed in water. The actual weight 
of the body in air is then 

W ^yiV ^ ysV 

where s denotes its specific weight, and its apparent weight T 
when inmiersed (Fig. 22) Is 

T ^W-B ^ysV -yV ^ yV(8 - 1), 
that is, 

T = 7V(s - 1). (20) 

Therefore, by division, 

W 8 



T « - 1 
whence 

s = ^. (21) 

The specific weight of a body is therefore equal to its weight in 
air divided by its loss in weight when immersed in water. 

39. Application to Alloy. — If a body is an alloy or mixture of 
two different substances whose specific weights are known, the 
volume of each substance may be determined by weighing the 
body in air and in water. Thus let Vi denote the volimie, and 
<i the specific weight, of one substance, and Vt, st of the other. 
Then the weight of the body in air is 

and its apparent weight T when inmiersed is, from Eq. (20), 

T ^ yVi{8i - 1) + yViis, - 1). 

Solving these two equations simultaneously for Vi and Vt, the 
result is 

r - (i - -) TT 



(r: - ■) 



T- (l--)w 



&;-^) 



This method of determining relative volumes was invented by 
Archimedes in order to solve a practical problem. Hiero, King 



26 



ELEMENTS OF HYDRAULICS 



of Syracuse, had furnished a quantity of gold to a goldsmith to 
be made into a crown. When the work was completed the crown 
was f oimd to be of full weight, but it was suspected that the gold- 
smith had kept out a considerable amount of gold and substi- 
tuted an equal weight of silver. To test the truth of this sus- 
picion Archimedes first balanced the crown in air against an 
equal weight of gold, and then inmiersed both in water, when the 
gold was foimd to outweigh the crown, proving the goldsmith to 
be dishonest. 

40. Zero Buoyancy. — When a body lies flat against the bottom 
of a vessel filled with water, fitting the bottom so closely that no 

water can get under it, its buoy- 
ancy is zero. In this case if W 
denotes the weight of the body, 
A the area of its horizontal cross- 
section, and h the depth of water 
on it, the force T required to 
lift it is (Fig. 23) 
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r = TT + yAh. 



That is to say, the force T is the 
same as would be necessary to lift 
the body itself and the entire col- 
PiQ. 23. umn of water vertically over it. 

This same principle underlies 
the action of a leather sucker or vacuum-tipped arrow, the fluid 
in that case being air. 

Vm. METACENTER 

41. Stability of Floating Body. — When a floating body is 
shoved to one side it remains in this position and is therefore in 
neutral equilibrium as regards lateral translation. In deter- 
mining the stability of a floating body it is therefore only neces- 
sary to consider its equilibrium as regards rotation. 

After a floating body has been tipped or rotated a small amount 
from its position of equilibrium, the buoyancy, in general, no 
longer passes through the center of gravity of the body. Conse- 
quently the weight and buoyancy together form a couple tending 
to produce rotation or tip the body. If this couple tends to 
right the body the equilibrium is stable, whereas if it tends to tip 
it over it is unstable. This evidently depends on the form of the 
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wetted surface, and also on the form of the part immersed by the 
rotation. 

4^ Hetacenter. — For example, consider a Boating box of 
rectangular cross-Bectioo, immersed to a depth d below the 
surface AA (Fig. 24), and suppose it is tipped by an external 
couple UDtil the water line becomes A' A'. In this new position 
the displacement is trapezoidal, and the center of buoyancy B 
IB the center of gravity of this trapesoid. But since the buoy- 
ancy is of the same amount as before the box was tipped and the 
triangle of inunersion mno is equal to the triangle of emersion 
opq, the lines AA and A'A' intersect on the vertical axis CC. 
The intersection M of the line of action of the buoyancy with 
the vertical axis CC is called the melacenter. Evidently the loca- 
tion of the metacenter depends on the angle of tip and is different 




Fia 24. 

for each position. It is also apparent that the equilibrium is 
stable if the metacenter M lies above the center of gravity G of 
the body, and unstable if M lies below G. It is also shown in 
what follows that the metacenter moves higher as the angle of 
tip, a, increases. Its lowest position is called the true mtiacenter. 
43. CoSrdinates of Metacenter. — For the special case of the 
rectangular cross-section shown in Fig. 24, let x, y denote the 
codrdinates of the center of gravity of the trapezoid, and a, b, c 
tiie lengths of three sides (Fig. 25). Then from geometry, 
c(2a + b) a* + ab + b* 

^ " 3(a + 6) ' ^ " 3(0 H- fe) 
From Fig. 24 the sides a and b of the trapezoid expressed in terma 
of d and a are 
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W ' weig^it of the body; 
/ = momeDt of inertia of the bodj with leqieet to the 

axis ctf rotation; 
k — distanoe from the center of gr a vity of the body to the 

axis of rotation. 

Stst^ I ^ MK*f where 3/ denotes the maas of the body and K 
tTA radxos of gyration, and also W — Mg, Eq. (26) for the period 

siAj be written 

4S. SoDiiis and Pitching. — ^In the present case, consider rota- 
tk^ ai»ut the two principal axes OX and OF of the section A in 
tb& iJaiie of floatation, and let Ks^ K^ denote the radii of gyration 
of the solid with resn;)ect to these axes, and P., P, the correspond- 
ing periods, or times of performing a complete oscillation about 
these axes. Then from Eq. (27), 

P. = ?^^; P, == Ml. 

Substituting in these expressions the values of Km and A« given by 
Eqs. ^24) and (25;, they become 



* I - V- - • - » '^W 



For a body shaped like a ship, K and h increase together, and 
conse^iuentl}' the larger value of k corresponds to the smaller 
\i^n€}A P. A ship therefore pitches more rapidly than it rolls. 

For further applications of the metacenter the student is re- 
ferred to works on naval architecture. 

APPLICATIONS 

1. The ram of a hydraulic press is 10 in. in diameter and the 
plunger is 2 in. in diameter. If the plunger is operated by a 
handle having a leverage of 8 to 1, find the pressure exerted by 
the ram, neglecting friction, when a force of 150 lb. is applied to 
the handle. 

2. In a hydraulic press the diameter of the ram is 15 in. and of 
the plunger is ^ in. The coefficient of friction may be assiuned 
as 0.12 and the width of the packing on ram and plunger is 0.2 
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of their respective diameters. What pressure will be exerted 
by the ram when a force of 200 lb. is appUed to the plunger? 

3. Water in a pipe AB is to be kept at a constant pressure of 
1,200 lb. per square inch by forcing in a plunger of diameter d 
(Fig. 27). This is operated by a piston of diameter D, whose 
lower surface is subjected to the pressure of a column of water 
75 ft. high. Find the ratio of the two diameters d and D. 

4. In a hydraulic pivot bearing, a vertical shaft carrying a 
total load W is supported by hydraulic pressure (Fig. 28). The 
pivot is of diameter D, and is surrounded by a 17 leather packing 



A 



B 



<^ 



W 



<^- ■■ -:;;-7, 



.£> 





^*ll 
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Fio. 27. 



FiQ. 28. 



of width c. Show that the frictional moment, or resistance to 
rotation, is given by the relation 

M = 2ficW 

where m denotes the coefficient of friction. 

6. For an ordinary flat pivot bearing of the same diameter D 
and for the same coefficient of friction /i as in the preceding prob- 
lem, the frictional moment is given by the relation^ 

M = HWDfi. 

Show that the hydraulic pivot bearing is the more efficient of the 
two provided that 

D 

Calculate their relative efficiency when c = 0.2Z). 

^ Slooum, '"Ilieory and Practice of Mechanics," p. 194 (Holt). 
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6. An instrument for measuring the depth of the sea consists 
of a strong steel flask, divided into two compartments which are 
connected by a valve. The upper compartment is filled with 
920 grams of distilled water and the lower compartment with 
mercury (Fig. 29). When lowered to the bottom, the outside 
pressure forces the sea water through a small opening in the side 
of the flask and thereby forces the mercury through the valve 
into the upper compartment. Assuming that the depth of the 
sea in certain parts of the Pacific ocean is 9,429 meters, and that 
the ratio of the densities of distilled and salt water is 35 : 36, find 

how many grams of mercury enter the 
upper compartment.^ The modulus of 
compressibility of water is 0.000047, that 
is, an increase in pressiu'e of one atmos- 
phere produces this decrease in volume. 

Note. — ^Ajssuming that a pressure of one at- 
mosphere is equal to a fresh-water head of 10} i 
meters, the corresponding salt water head <■ lO^i 
X >^6 *=■ 10.045 meters. At a depth of 9,429 

meters the pressure is therefore — ' 




Fig. 29. 



atmospheres. 



10.045 



« 938.7 



7. A hydraulic jack has a 3-in. ram and 
a ^-in. plunger. If the leverage of the handle is 10 : 1, find 
what force must be applied to the handle to lift a weight of 5 
tons, assiuning the efficiency of the jack to be 75 per cent. 

8. A hydraulic intensifier is required to raise the pressure f riHn 
600 lb. per square inch to 2,500 lb. per square inch with a stroke 
of 3 ft. and a capacity of 4 gal. Find the required diameters of 
the rams. 

9. In a hydraulic intensifier like that shown in Fig. 6, the 
diameters are 2 in., 5 in. and 8 in., respectively. If water is sup- 
plied to the large cylinder at a pressure of 500 lb. per square inch, 
find the pressure at the high-pressure outlet. 

10. How would the results of the preceding problem be modi- 
fied if the f rictional resistance of the glands, or packing, is taken 
into account, assuming that the frictional resistance of one stu£F- 
ing box is 0.05 pd, where p denotes the water pressure in pounds 
per square inch, and d is the diameter of the ram in inches? 

11. A hydraulic crane has a ram 10 in. in diameter and a 

^ WrrTBNBAUEB, " Aufgaben aus der Technischen Mechanik," Bd. III. 
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velocity ratio of 1 : 12, that is, the speed of the lift is twelve times 
the speed of the ram. Assuming the efficiency of the crane to be 
50 per cent., find what load it will lift with a water pressure of 
1,500 lb. per square inch. 

12. A hydraulic crane has a velocity ratio of 1:9 and is re- 
quired to lift a load of 4 tons. Find the required size of the 
ram for a pressure in the mains of 750 lb. per square inch, a loss 
of head due to friction of 75 lb. per square inch, and a mechanical 
efficiency of 70 per cent. 

IS. How many foot-pounds of work can be stored up in a 
hydraulic accumulator having 
a ram 10 in. in diameter and 
a lift of 12 ft., with a water 
pressure of 800 lb. per square 
inch? 

14. Find the energy stored 
in an accumulator which has 
a ram 10 in. in diameter, 
loaded to a pressure of 1,000 
lb. per square inch, and hav- 
ing a stroke of 25 ft. If the 
full stroke is made in 1 min. 
find the horsepower available 
during this time. 

15. The stroke of a hy- 
draulic accumulator is fifteen 
times the diameter of the ram 
and the water pressure is 
1,200 lb. per square inch. 
Find the diameter of the ram for a capacity of 125 hp.-min. 

16. The ram of a hydraulic accumulator is 20 in. in diameter, 
the stroke 25 ft., and the water pressure, 1,050 lb. per square 
inch. If the work during one full downward stroke is utilized 
to operate a hydraulic crane which has an efficiency of 50 per 
cent, and a lift of 35 ft., find the load raised. 

17* An accumulator is balanced by means of a chain of length 
I passing over two pulle3rs A and B (Fig. 30) and carrying a coun- 
terweight W equal to the total weight of the chain. Find the 
distance apart of the pulleys and the required weight of chain per 
unit of length in order that this arrangement may balance the 
di£Ference in pressure during motion. 

3 




Fig. 30. 
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Hint, — Let A denote the area of the ram and to the weight of the chain 
per unit of length. Then for the dimensions shown in the figure, we have 
the relations 

tox — tiw = yAc, 

whence 

yAe 



w = 



2c + 26-2A-J + y 



18. A hydraulic accumulator has a ram 15 in. in diameter and 
carries a load of 60 tons. Assuming the total frictional resistance 

to be 3 tons, IBnd the required 
water pressure when the load 
is being raised and when it is 
being lowered. 

19. Show that the depth of 
the center of pressure below 
the surface for a vertical rec- 
tangle of breadth b and depth 
d, with upper edge immersed 
to a depth hi and lower edge 
to a depth hi (Fig. 31) is 
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given by the expression 



hi* - hi*) 



^^ = ^(a?^): 
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20. Show that the center of pressure for a vertical plane tri- 
angle with base horizontal and vertex at a distance hi below the 
surface (Fig. 32) is given by the expression 



x. = H( 



Ut* + 2h ih i + h i* 
2hi + hi 



) 



21. From the results of the preceding problem show that if the 
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vertex of the triangle lies in the surface, the depth of the center of 
pressure is 

and if the base of the triangle lies in the surface 

Xe = yid. 

22. Show that the depth of the center of pressure below the sur- 
face for a vertical circular area of radius r, immersed so that its 
center lies at a depth h below the surface is given by 

23. A circular opening, 2 ft. in diameter in the vertical side of 
a tank is closed by a circular cover held on by two bolts, one 14 
in. above the center of the 
cover and the other 14 in. 
below its center. When 
water stands in the tank at a 
level of 20 ft. above the center 
of the opening, find the stress 
in each bolt. 

24. A pipe of 4 ft. inside 
diameter flows just full, and 
is closed l>y a valve in the 
form of a flat circular plate 

balanced on a horizontal axis. At what distance from the cen- 
ter should the axis be placed in order that the valve may bal- 
ance about it? 

26. An automatic movable flood dam, or flashboard, is made of 
timber and pivoted to a back stay at a certain point C, as shown 
in Fig. 33. The point C is so located that the dam is stable pro- 
vided the water does not rise above a certain point A, but when 
it rises above this point the dam automatically tips over. Deter- 
mine where the point C should be located. 

26. An opening in a reservoir wall is closed by a plate 2^ ft. 
square, hinged at the upper edge, and inclined at 60^ to the hori- 
zontal. The plate weighs 250 lb., and is raised by a vertical 
chain attached to the middle point of its lower edge. If the 
center of the plate is 15 ft. below the surface, find the pull on the 
chain required to open it. 

27. A rectangular cast-iron sluice gate in the bottom of a 
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dam k 3 ft. hi|b, 4 ft wide and 3 in. tfakk. Tlie head of water 
oo the eeoter r/f the gate k 35 ft. Aanmiiiig the ffirifiri eu i of 
frKticm of the gate on the slides to he yi^ and that there is no 
water on the lower side of the gate, find the fofoe l e quii c d to lift 
it. Weight of cast iron is 450 lb. per cabic foot. 

28* Flow from a reservoir into a pipe is drat off by a Brnp valve, 
as shown in Fig. 34. The pivot ii is so placed that the wei^ of 
the valve and arm balance aboat this point. Calculate the pallP 
in the chain required to opoi the valve f<nr the dimensions given 
in the figure and a head of 16 ft. on the center of the valve. 

29. The waste gate of a power canal is 8 ft. hi^ and 5 ft. wide, 
and when closed there is a head of 10 ft. of water on its center. 

If the gate weights 1,000 lb. 
and the coeflSdent of friction 
between gate and seat is 0.4, 
find the force required to 
raise it. 

30. A lock gate is 30 ft. 
wide and the depth of water 
on the two sides is 28 ft. and 
14 ft. respectively, find the 
total pressure on the gate 
and its point of application. 

31. A lock is 20 ft. wide 
and is closed by two gates, each 10 ft. wide. If the depth of 
water on the two sides is 16 ft. and 4 ft. respectivdy, find the 
resultant pressure on each gate and its point of application. 

32. A dry dock b 60 ft. wide at water level and 52 ft. wide at 
floor, which b 40 ft. below water level. The side walls have a 
straight batter. Find the total pressure on the gates and its 
point of application when the gates are closed and the dock ^mpty. 

33. A concrete dam is 6 ft. thick at the bottom, 2 ft. thick at 
top and 20 ft. high. The inside face is vertical and the outside 
face has a straight batter. How high may the water rise without 
causing the resultant pressure on the base to pass more than 
6 in. outside the center of the base? 

NoTK.— -A dam may fail either by sliding or by overturning. In general, 
however, if a well-laid masonry dam is sUble against overturning, it will 
not fail by sliding on a horizontal joint. This kind of failure could occur 
only when the shearing stress at any joint exceeded the joint friction. 
Ordinarily the resultant pressure on any joint makes only a small angle with 
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a perpendicular to its plane, and since the angle of repose for masonry is 
large, faflure by shear of this kind is not likely to occur. As a criterion 
against faihire by shear, it may be assumed that when the resultant pressure 
on any joint makes an angle less than 30^ with the normal to the joint, it 
is safe against sliding at that joint. 

To guard against sliding on the base an anchorage should be provided 
by cutting steps or trenches in the foundation if it is of rock, or in the case 
of clay and similar material, by making the dam so massive that the 
angle which the resultant pressure on the base makes with the vertical is 
wdl within the angle of friction. Usually if the dam is heavy enough to 
satisfy the condition for stability against overtumii^g, as explained below, 
it will also be safe against sliding on the base. 

In order for a dam to fail by overturning, one or more joints must open 
at the face, in which case this edge of the joint must be in tension. Al- 
though a wdMaid masonry joint has considerable tensile strength, it is 
customary to disregard this entirely in designing, in which case the condi- 
tion necessary to assure stability against overturning is that every joint 
shall be subjected to compressive stress only. 



* >| 






Assuming a linear distribution of pressure over the joint, as indicated by 
the tiapeioid ABCD in Fig. 35, the resultant pressure R must pass throu^^ 
the oentor ol gravity of this trapezoid. Consequently when the compres- 
flkm at one face, Z>, becomes sero, as indicated in Fig. 35 the trapezoid be- 
comes a trianf^ and the resultant is applied at a distance » from the 

opposite face C, where h denotes the width of the joint. Moreover, the 
resultant cannot approach any nearer to C without producing tensile stress 
at D as indicated in Fig. 35. For siabUity against overturning, therefore, 
ike reeuUatU preseure must cut the base {or joint) within the middle third. 

If water is allowed to seep under a dam, it will exert a lifting effort equal 
to tiie wei^t. of a column of water of height equal to the static head at 
this point. To assure stability it is, therefore, essential to prevent seepage 
by means of a cutoff wall, as indicated in Figs. 36 and 37. In investigating 
the stability of a dam, however, the best practice allows for accidental seep- 
age by making allowance for an upward pressure on the base due to a 
hydrostatie head of two-thirds the actual depth of water back of the dam. 

3A. figure 36 shows a typical section of the Kensico Dam, 
fonning part of the Catskill Water System of the City of New 
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York. The Kensico Reservoir covers 2,218 acres, with a shore 
line 40 miles in length, and hss a storage capacity of 38,000,000,- 
000 gal. The dimensions of the main dam are length 1,843 ft.; 
height 300 ft.; thickness at base 230 ft.; thickness at top 28 ft. 

Investigate the stability of this dam in accordance with the 
conditions stated in the note to Problem 33. 

36. Figure 37 shows a section of the Olive Bridge Dam and 
typical dyke section of the Ashokan Reservoir, which forms part 




TYPICAL SECTION OF DIKE 

CaUsUl aqueduct syBtem. 




Flo. 37. 
of the Catakill Water System of the City of New York. This 
reservoir covers 8,180 acres, with a shore line 40 miles in length 
and a storage capacity of 132,000,000,000 gal. The principal 
dimensions of the main dam are, length 4,650 ft.; height 220 ft.; 
thickness at base 190 ft.; thickness at top 23 ft. 

Investigate the stability of this dam as in the preceding prob- 
lem. 

86. In the $25,000,000 hydraulic-power development on the 
Miseissippi River at Keokuk, Iowa, the dam proper is 4,650 ft. 
long, with a spillway length of 4,278 ft. The power plant is 
deigned for an ultimate development of 300,000 hp., tuid consists 
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of vertical shaft turbines and generators in units of 10,000 hp. 
each. Transmission lines convey the current at 110,000 volts to 
St. Loius, 137 miles distant, and to other points.* 

A notable feature of the plant is the ship lock which is of un- 
usual size for river navigation, the lock chamber being 400 ft. long 
by 110 ft. wide with a single lift of from 30 to 40 ft., the total 
water content of the lock when full being about 2,200,000 cu. ft. 
The locks at Panama are the same width but the maximum lift 
on the Isthmus is 32 ft., the average lift being about 28 ft. Find 
the maximum pressure on the lock gates at Keokuk and its point 
of apphcation (See frontispiece ) 
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37. The side walls of the Keokuk lock are monolithic n 
of concrete, with a base width of 33 ft., a top width of 8 ft., and 
an outside batter of 1: 1.5, as shown in Fig. 38. If the water 
stands 48 ft. above the floor of the lock on the inside and 8 ft. 
on the outside, find the point where the resultant pressure on the 
side walls intersects the base, neglecting the weight of the road- 
way on top and the arches which support it. 

38. The lower lock gates at Keokuk are of the mitering type, 
as shown in Figs. 39 and 40, and are very simitar to those in 
the Panama canal locks. The gates are 49 ft. high and each 
leaf consists of 13 horizontal ribs curved to a radius of 66 ft. 4|^ 

• Bng. NeiBa, Sept. 28, 1911. 
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[ in. on the center line, framed together at the ends of the quoin 
I and miter posts, and also having seven hnes of intermediate 
I framing. The chord length over the posta is 66 ft. 4^ in. and 
' the rise of the curve is 10 ft. 8H hi.' 

Each leaf contains a buoyancy chamber to relieve the weight 
on the top hinge. This coosiata of a tank of about 3,840 cu. ft. 
capacity, placed between the curve of the face and the chord line 
of the bracing. The total weight of each gate in air is about 240 
tons. Find how much the buoyancy chamber relieves the weight 
on the top hinge. 



I 
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89. The upper gates of the Keokuk lock are of a floating type 
never before used, and consist essentially of floating tanks moving 
in vertical guides and sinking below the level of the sill (Fig. 41). 
To close the lock, compressed air is admitted to an open-bottom 
chamber in the gate, which forces out the water and causes the 
gate to rise. To open the lock, the air in this chamber is al- 
lowed to escape, when the weight of the gate sinks it to its lower 
position. 

The flotation of the gate is controlled by two closed displace- 
ment chambers, one at each end, and one open buoyancy cham- 
ber. Each of the former is 42 ft. long, 4 ft. deep and 16 ft, wide. 
The buoyancy chamber is 2J^ ft. high beneath the displacement 
chambers and 6J^ ft. high in the 28-ft. space between them, its 
capacity being 6,000 cu. ft. 
^Eng. Ifeu-s, Nov. 13, 1913. 
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With the gate floating and its bottom just clear of the sill, the 
weight of the part above water is 190 tons, which is increased by 
the ballast in the displacement chambers to 210 tons. The dis- 







Center (E-r) 

Fio. 40. — Mttering gate, Keokuk lock. 

placement of the submerged part of the gate is 12 tons so that the 
buoyant effort required is 19S tons, 
find the equivalent displacement in cubic feet, from this result 
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subtract the volume of the displacem^it chambera, and then find 
the required air pressure in the buoyancy chamber. 

In raising the gate it is actually found that this pressore varies 
from 2 lb. per square inch to as hi^ as 12 lb. per square inch 
when the gate is leaving its lower seat. 

40. A gas tank is fitted with a mercury gage as shown in Kg. 
19. The height h of the mercury colunm is 20 in. Find the 
excess of pressure in the tank above atmospheric. 

4L A piece of lead weighs 20 lb. in air. What will be its ap- 
parent weight when suspended in water, asBiiming the specific 
weight of lead to be 11.4? 

42. A pail of water is placed on a platform scales and found to 
weig^ 12 lb. A 64b. iron weight is then suspended by a light 
cord from a spring balance and lowered into the water in a pail 
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until completely immersed. Find the reading on the spring 
balance and on the platform scales. 

43. A brass casting (alloy of copper and zinc) weighs 200 lb. 
in air and 175 lb. in water. If the specific weight of copper is 
8.8 and of zinc is 7, how many pounds of each metal does the 
casting contain? 

44. One end of a wooden pole 12 ft. long, floats on the water and 
the other end rests on a wall so that 2 ft. project inward beyond 
the point of support (Fig. 42). If the point of support is 18 in. 
above the water surface, find how much of the pole is inunersed. 

46. A floating platform is constructed of two square wooden 
beams each 16 ft. long, one 18 in. square and the other 1 ft. 
square. On these is laid a platform of 2-in. plank, 10 ft. wide. 
Find where a man weighing 160 lb. must stand on the platform 
to make it float level, and how high its surface will then be above 
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the water (Fig. 43). The weight of timber may be assimied 
as 50 lb. per cubic foot. 

46. A piece of timber 4 ft. long and 4 in. square has a weight 
W attached to its lower end so that it floats in water at an angle 
of 45^ (Fig. 44). FindTF. 

47. A rectangular wooden barge is 30 ft. long, 12 ft. wide and 
4 ft. deep, outside measurement, and is sheathed with plank 




»^ 
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3 in. thick, the frame weighing half as much as the planking. 
Find the position of the water line when the barge floats empty, 
and also the load in tons it carries when the water line is 1 ft. 
from the top. Assume the weight of wood as 50 lb. per cubic 
foot. 
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48. A prismatic wooden beam 10 ft. long, 1 ft. wide and 6 in. 
thick floats flat on the water with 4 in. submerged and 2 in. above 
water. Find its speciflc weight. 

49. A dipper dredge weighs 1,200 tons and floats on an even 
keel with bucket extended and empty. When the bucket 
carries a load of 3 tons at a distance of 50 ft. from the center 
line of the scow, a plumb line 15,ft. long, suspended from a vertical 
mast, swings out 5 in. Find the metacentric height. 
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Note. — Let W denote the weight of the yessel and O its center of grayity 
(Fig. 45). When an eccentric load P is added at a distance d from OM^ 
the center of gravity moves to G\ where for a small displacement: 

p 
GG' B ^^ approximately. 

If $ denotes the angle of heel, then also 



whence 



GO' 


" GM tan $, 


GM 


GG' 

" tan e 


= pp. cot $. 




Fig. 45. 

50. A steamer is of 14,000 tons displacement. When its life 
boats on one side are filled with water, a plumb line 20 ft. long 
suspended from a mast is found to swing out 93^ in. If the 
total weight of water in the boats is 75 tons and their distance 
from the center line of the vessel is 25 ft., find the metacentric 
height and period with which the ship wiU roll. 
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n. FLOT OF TATER FROH RESERVOIRS AHO TAHKS 

47. Stream lAnt. — In the case of a flowing liquid, the path fol- 
lowed by any particle of the liquid in its course is called a stream 
line. In particular, if a reservoir or tank is filled with water and 
a small opening is made in one side at a depth h below the surface, 
the water flows out with a certain velocity depending on the 
depth, or head, h. Since the par^ 
tides of water flowing out converge 
at the opening, the stream lines 
inside the vessel are, in general, 
comparatiTdy far apart, but be- 
come crowded more closely to- 
gether at the orifice. 

48. Liqidd V^.— Under the 
conditions just considered, suppose 
that a closed curve is drawn in any 
horisontal cross-section of the ves- 
sel and throu^ each point of the 
dosed curve draw a stream line. 
The totality of all these stream 
lines will then form a tube, called 
a liquid vein (Fig. 46). From the 
definition of a stream line it is 
evident that the flow through such a tube or vein is the same 
as thoi^ it were an actual material tube. In particular, the 
same amount of liquid will flow through each cross-section of 
the vdn and therefore the velocity of flow will be greatest 
where the cross-section of the vein is least, and vice versa. 

49. Ideal Velodfy Head. — In any particular vein let v denote 
the vdocity of flow at a distance k below the surface, and Q the 
quantity of water per second flowing through a cross-section of 
the vein at this depth. Then the weight of water flowing through 
the crooB-Beetion per second is yQ and its potential energy at the 

47 




Fig. 46. 
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height h is yQh. The kinetic energy of this quantity of water 

yQv^ 
flowing at the velocity v is -^ — . Therefore, by equating the 

potential energy lost to the kinetic energy gained and neglecting 
all fridional and other losses we have 

whence 

V = V^. (29) 

This relation may also be written in the form 

2g 

The quantity h is therefore called the ideal velocity head, since 
it is the theoretical head required to produce a velocity of flow v. 

60. Torricelli*s Theorem. — The relation 

V = ^/2gh 

is known as Torricelli's Theorem. Expressed in words, it says 
that the ideal velocity of flow under a static head h is the same 
as would be acquired by a solid body falling in a vacuum from 
a height equal to the depth of the opening below the free surface 
of the liquid. 

61. Actual Velocity of Flow. — The viscosity of the liquid, as 
well as the form and dimensions of the opening, have an important 
effect in modifying the discharge. 

Considering viscosity first, its effect is to reduce the velocity 
of the issuing liquid below the ideal velocity given by the relation 
V = '\/2gh. It is therefore necessary to modify this relation so as 
to conform to experiment by introducing an empirical constant 
called a velocity coefficient. Denoting this coefficient by C», the 
expression for the velocity becomes 

v = C.\/2^. (80) 

For water the value of the velocity (or viscosity) coefficient for an 
orifice or a nozzle is approximately C» = 0.97.^ 

62. Contraction Coefficient. — In the case of flow through an 
orifice or over a weir, the oblique pressure of the water approach- 
ing from various directions causes a contraction of the jet or 
stream so that the cross-section of the jet just outside the orifice 
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is somewhat less than the area of the opening. Consequently 
the discharge is also less than it would be if the jet were the full 
sise of the opening. 

If the area of the orifice is denoted by A, the area of the jet at 
the contracted section will be some fraction of this amount, say 
CcAj where C« is an empirical constant called a corUradion ooeffi- 
dent, which must be determined experimentally for openings of 
various forms and dimensions. 

63. Efflux Coefficient. — ^Taking into account both the viscosity 
of the liquid and the contraction of the jet, the formula for dis- 
charge becomes 

Q = actual velocity X area of jet 
= {C.y/2gh) X (CeA) 

where A denotes the area of the orifice. Since there is no object 
in determining C« and Ce separately, they are usually replaced by 
a single empirical constant K = C^Ccy called the coefficient of 
€fflux, or discharge. In general, therefore, the formula for the 
actual discharge becomes 

Q = KA\/2^. (31) 

64. Effective Head. — ^The head h may be the actual head of 
water on the orifice; or if the vessel is closed and the pressure is 
produced by steam or compressed air, the effective head is the 
hei^t to which the given pressure would sustain a column of 
water. 

The height of the equivalent water column corresponding to 
any ^ven pressure may be determined by calculating the weight 
of a colunm of water 1 ft. high and 1 sq. in. in section, from which 
it is found that 

1 ft head = 0.434 Ib./in.^ pressure, 

and converselyi 

1 Ib./in.' pressure = 2.304 ft. head. 

For an orifice in the bottom of a vessel, the head li is pf course 
the same at every point of the opening, but if the orifice is in the 
side of the vessel, the head li varies with the depth. However, if 
the depth of the opening is small in comparison with A, as is fre- 
quently the case, the head may be assumed to be constant over 
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the entire orifice and equal to the distance of its center of gravity 
from the free surface of the liquid (Fig. 47(a)). 

If an orifice is entirely submerged, as shown in Fig. 47(6), the 
effective head on it is the difference in level between the water 
surfaces on the two sides of the opening. 
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Fig. 47. 



66. Discharge from Large Rectangular Orifice. — In the case 

of a comparatively large orifice, the effective head is not the depth 
of its center of gravity below the surface, and the discharge must 
be determined in a different manner. 

To illustrate the method of procedure consider the particular 
case of an orifice in the form of a rectangle of breadth 6, the upper 
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Fig. 48. 



and lower edges being horizontal and at depths of h and H re- 
spectively below the surface, as shown in Fig. 48. Let thisv rec- 
tangle be divided up into narrow horizontal strips, each of breadth 
b and^depth dy. Then the ideal velocity of flow in any one of 
these strips at a distance y below the surface is r = \/2gy, and 
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since its area is My, the ideal discharge dQ through this elemen- 
tary area per second is 

dQ = hdyVigy, 

The total discharge per second, Q, through the entire orifice is 
therefore 

Q = Kb jn\A2^dy = %KbV2g(tf' - h'^). . (32) 

This expression may also be written in the form 

Q = %KhH\/2gH - JiKhhy/2gh 

which makes it easier to remember from analogy- with the weir 
formula which follows. 

66. Discharge of a Rectangular Notch Weir. — If the upper 
edge of the rectangular orifice just considered coincides with the 
water surface, the opening is called a rectangular notch weir. In 
this case li = and the preceding formula for discharge becomes 

Q = %KbH\/2^ = %KAV2gH (33) 

where H denotes the head on the crest of the weir, and .4 is the 
area of that part of the opening 
which lies below the surface. 



/ 



X. DISCHARGE THROUGH SHARP- ---^i— — 
EDGED ORIFICE ^ _ 

B7. Contraction of Jet. — In con- — ^^ 

sidering the flow of water through ^ 

an orifice it is assumed in what '' \ 

follows that a sharp-edged orifice '~~__ ~ 
is meant, that is, one in which the — — - 

jet is in contact with the wall of 

the vessel along a line only (Fig. ^ 

49). When this is not the case, 

the opening is called an adjutage 

or mouthpiece, and the flow is modified, owing to various causes, 

as explained in Par. 75. 

The value of the constant K in Eq. 33 depends on the form 
of the opening and also on the nature of the contraction of the 
jet. The contraction is said to be complete when it taJces place 
on all sides of the jet; that is to say, when the size of the opening 
is small in comparison with its distance from the sides and l>ot- 
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torn fA the TtmA jood from the wKter fnrffe- The eontnctioD 
it <aIM ihosfmpUU wbm fwe or mtire of the edges of the orifiee is 
eostmoMit «hh the nfes of the veaKL 

fSL CoMfJgfg Co ntiau ion, — ^For & ritarp-edgBd odfiee with 
fonpiete erjDtnu^iO the mean Tmlue of the cffioz wieflififii t X is 

The a/^oftl taIik fd tfa» erjeffidest Tauxa d^itlf widi the sue 
of the orifice and effective head on it. The Tibe gh^en, howeTer, 
H foffidentlj accurate for all ordinary pfactical odmlatimw. 
More exact values are given in Tables 9 and 10. 

M. Partial CootnictkML — ^Intbecaseof inc<»ipleteeoDtraction, 
let F denote the entire perimeter of the orifice, and nP that fra^ 
tion c^ the perimeter which experiences no contractioa. Then 
denoting the coefficient fA efflux by Ki^ its value as determined by 
experiment for sharp-edged orifices is as foDows: 

Rectangnkr orifice, Ki = Ka + Olin) \ (34) 

Circtdar orifice, Ki=Ka + (Uaa)/ 

Assuming K » 0.62, the following taUe gives the oonespon 
values <A KitkB determined from these relations-' 



^ 



=i I •-* 



RMangnlsr orifiee Ki ^CMSKi "OSSTiTi -O.OOO 



Cireaimr orifice Ki ^O.MOKt ^OJStSOKi -O.SSO 



60. Velocity of Approach* — So far it has been assumed that the 
effective bead h in the formula for discharge throu^ an orifioey 
namely, 

Q = KAV2gh, 

is simply the static head, measured from the center oi the orifice, 
if it is small, to the surface level. If the velocity of approach is 
considerable, however, the velocity head must also be included 
in the effective head. Thus let 

A = area of orifice; 
A' ^ cross-section of channel of approach; 

V » ideal velocity corresponding to the total head H; 

V = velocity of approach; 

h! = velocity head = ^^ » 
» Laubmmteik. "Mechanik," p. 173. 



FLOW OF WATER 63 

h == static head; 
H = effective head = g^* 

Since the total flow through the channel of approach must equal 
the discharge through the orifice, we have 

A'v = Q ^ KAV 

whence 

KAV 



V = 



A' 



Also the effective head H ^ h + h', or, expressed in terms of the 
velocities, 

Yg-^^ + Tg 

KAV 
Substituting v = ~~T7~ ^^ *^^ relation, it becomes] 

2g'^'^ 2gA'^ 
whence 



-4. 



2gh 



A\* 



The expression for the discharge Q is then 



Q = KAV = KA J— M_— . 



(36) 



From this relation it is evident that if the area A of the orifice is 
small in comparison with the cross-section A' of the channel, say 
A' not less than fifteen times A, the error due to neglecting the 

velocity of approach will be negligible; that is, the term K^ \-p] 

in E}q. (35) may be neglected, in which case the formula for 
the discharge simplifies into the original expression given by 

Eki. (33), namely, 

Q = KAV2gh. 

XL RECTANGULAR NOTCH WEIRS 

61. Contracted Weir. — ^The most common type of weir consists 
of a rectangular notch cut in the upper edge of a vertical wall, 
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and is called a contracted weir (Fig. 50(a)). In order that the con- 
traction shall be complete, there should be a clearance of not less 
than 8A from the sides of the notch to the sides of the channel, 
and from the bottom of the notch (called the crest of the weir) 
to the bottom of the channel. 

62. Suppressed Weir. — If the sides of the notch are continuous 
with the sides of the channel, it is called a suppressed weir (Fig. 
50(6)). 

For both types of weir it has been found by experiment that 
the velocity of approach may be neglected when the product bh 
is less than one-sixth the cross-section of the channel. For a 
suppressed weir this is equivalent to saying that the height of 
the weir crest above the bottom should be at least five times the 
head on the weir. 




63. Submerged Weir. — When the water level on the down- 
stream side of a weir is higher than the crest of the weir, the latter 
is called a submerged weir (Fig. 51(a)). At present the sub- 
merged weir is seldom used for measuring flow because of the 
lack of reliable data from which to determine the experimental 
constants involved. 

The principal experiments on submei^ed weirs are six made by 
Francis in 1848; 22 made by Fteley and Steams in 1877; and a 
more extensive set made by Bazin about 1897. 

From the experiments made by Francis and by themselves, 
Ftciey and Steams derived the following formula for sharp- 
crested submerged weirs having no end contractions: 



CM) 



Q = kl(li + ^-)Vli-h' 
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where 6 = breadth of weir (Fig. 51(a)); 

A = depth of water on upstream side above level of crest; 
A' = depth of water on downstr^m side above level of 

crest; 
k = empirical coefficient depending on the ratio y* 
Values of the coefficient A; are given in Table 22. 




From a later study of the experiments made by Francis and by 
Fteley and Steams, Clefaens Herschel proposed the following 
simple formula for sharp-crested submerged weirs: 

Q = 3.33b(iih)«, (37) 

where n is an empirical constant depending on the ratio -r 

Values of the coefficient n are given in Table 22. 

The formula proposed by Bazin for sharp-crested submerged 
weirs was as follows: 

Q - m (l.05 + 0.21^') i^^') "bh V^, (38) 
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where d denotes the height of the crest of the weir above the bot- 
tom of the channel, and m is the coefficient for a similar sharp- 
crested weir with free overfall and full crest contraction, having 
the same values of h and d. 

64. Triangular Notch Weir. — ^This form of weir is best adapted 
to the calculation of small discharge. To obtain the formula for 
discharge the notation indicated in Fig. 51(b) will be used. Then 
the element of area may be taken as xdy, the theoretical velo- 
city of flow through this area is ^2gy, and consequently the 
actual total discharge is 

Q = c ( xdy\/2gy, 

where c denotes the contraction coefficient to be determined by 
experiment. By similar triangles we have x = jih — y). Sub- 
stituting this value in the expression imder the integral sign and 
performing the integration, the result is > 

Q - c H^bV2-g h^- ■ ^ ^'^ 

Denoting the constant part of this expression by a single letter 
A;, the formula becomes simply 

Q = kh'*. (39) 

The following values of the coefficient h for use in this formula 
were obtained experimentally by Professor James Thompson 
of Glasgow in 1860: 

Thompson's Values op Cobpficient h in Formula Q = l^ Vor 90** 

Triangular Weir 



Head h in inches 






measured from vertex 
of notch to still-water 


Discharge Q in 
cu. ft./min. 


Coefficient h 


surface of pond 






2 


1.748 


0.3088 


3 


4.780 


0.3067 


4 


9.819 


0.3068 


6 


17.07 


0.3053 


6 


26.87 


0.3048 


7 


39.69 


0.3061 



More recently an accurate series of experiments on triang^ular 
notch weirs of 54° and 90° angle has been made by James Barr^ 

^London Engineering, 1910, pp. 435, 473. 
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at the Watt Engineering Laboratories of the University of Glas- 
gow, with the following results, among others : 

Barb's Valxtss of Cobfficixnt Jb in Formula Q = h)^ for 00** 

Trianqulab Weir 



Head h in inches 








measured from 








vertex of notch 


Discharge Q 


Discharge Q 


Coofficient ib 


to still-water 


in cu. ft./min. 


in gal./inin. 




surface of 








pond 








2 


1.766 


10.94 


0.3104 


2i 


3.046 


18.97 


0.3084 


3 


4.782 


29.79 


0.3068 


3i 


7.002 


43.63 


0.3057 


4 


9.76 


60.74 


0.3047 


4J 


13.06 


81.29 


0.3038 


5 


16.95 


105.6 


0.3032 


5i 


21.46 


133.7 


0.3026 


6 


26.63 


166.0 


0.3021 


6J 


32.49 


202.4 


0.3017 


7 


39.05 


243.0 


0.3013 


n 


46.34 


288.7 


0.3009 


8 


64.06 


339.9 


0.3006 


8J 


62.92 


392.0 


0.3003 


9 


72.90 


454.2 


0.3000 


9i 


83.33 


619.2 


0.2998 


1 10 


94.70 


590.0 


0.2996 



The results obtained by using a 54° triangular weir, as well as 
other results, are summarized in graphical form in the paper 
mentioned. 

66. Trapezoidal or Cippoletti Weir. — A form of weir frequently 
used in irrigation practice is the trapezoidal weir, shown in Fig. 




Fig. 62. — Cippoletti weir. 

52. It is evident that the discharge from a trapezoidal weir 
may be computed by considering it as equivalent to a rectangular 
suppressed weir and a triangular weir. Denoting the slopes of 
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the sides or ends by s so that the top width islb + 2d|, and 
neglecting end contractions, the discharge from a trapezoidal 
weir will therefore be 

The total discharge is therefore greater, in general, than from a 
rectangular contracted weir of width b. An Italian engineer 
named Cippoletti proposed giving the sides such a slope that this 
increase would just equal the decrease in discharge through a con- 
tracted weir due to end contractions, and found that a slope of 
1:4 would accomplish this result. A trapezoidal weir of side 
slope 1 horizontal to 4 vertical is therefore called a Cippoletti 
weir, and the formula proposed by Cippoletti for calculating its 

discharge is 

Q = 3.367bh^^ (40) 

In using this type of weir the effect of end contractions may thus 
be neglected altogether, which makes it especially convenient 
for use under varying heads. 

66. Formulas for Rectangular Notch Weirs. — Numerous ex- 
periments have been made on the flow of water over weirs for 
the purpose of deriving an empirical formula for the discharge. 
The most important of these results, including the formulas in 
common use, are tabulated on page 58. Although these for- 
mulas apparently differ somewhat in form, they are found in prac- 
tice to give results which agree very closely. 

A rational formula for the discharge over a rectangular weir 
was derived in Par. 56 as expressed by Eq. (33), namely, 

For a sharp-edged opening the mean value of the efflux coefficient 
is K = 0.62, as stated in Par. 58. In the present case, therefore, 
KA = 0.62bh, and if b and h are expressed in feet, the above 
formula becomes 

Q = %(0.62bh)\/2ih; 

= 3.3bh^ cu. ft. per sec. (41) 

It is often convenient to express b and h in inches, and the dis- 
chai^ Q in cubic feet per minute. Expressed in these units, the 
formula becomes 



Q = %(0.62^^) ^2^X60. 
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the conditions under which the measurement was made were 
approximately the same as those under which the formula was 
deduced. To obtain accurate results from weir measurements 
it is therefore customary to construct the weir according to cer- 
tain Htandard specifications, as follows: 

1. A rectangular notch weir is constructed with ita ed^a 
iiharply beveled toward the intake, as shown in Fig. 53. The 
inttUttn of the notch, caUed the crest of the weir, must be per- 
fectly level and the sides vertical. 
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2. llie length, or width, of the weir should be between four 
and eight times the depth of water flowing over the crest of the 



3. The channel or pond back of the weir should be at least 
40 per cent, wider than the notch, and of sufficient depth so that 
the velocity of approach shall not be 
over 1 ft. per second. In general it is 
suffident if the area hh is not over one- 
sixth the area of the channel section 
where h denotes the width of the 
notch and h the bead of water on the 
crest. 

4. To make the end contractions 
complete there must be a clearance 
of from 2Jk to 3& between each side of 
the notch and the corresponding side 
of Uie channel. 

5. Hie head h must be accurately 
meaaured. This is usually accom- 
pliflfaed by means of an instrument 
caDsd a Aonk fage (Fig. 54), located as 
^Eplained bdow. For rough work, 
howcrrer, the head may be measured 
by a graduated rod or scale, set back 
eX the weir at a distance not less than 
the length of the notch, with its zero 
on a levd witii tiie crest of the weir 
(Fig. 53). 

6& B^>ok Gage. — As usually con- 
structed, the hook gage consists of a 
wooden or metal frame carrying in a 
groove a metallic sUding scale gradu- 
ated to feet and hundredths, which is 
raised and lowered by means of a 
nulled head nut at the top (Fig. 54). 
By means of a vernier attached to the frame, the scale may be 
rnui to thousandths of a foot. The lower end of the frame carries 
a sharp-pointed brass hook, from which the instrument gets its 
name. 

In use, the hook gage is set up in the channel above the weir 
and leveled by means of a leveling instrument so that the scale 




Fig. 54. — Hook gage. 
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reads zero when the point of the hook is at the exact level of the 
crest of the weir. The hook is then raised until its point just 
reaches the surface, causing a distortion in the reflection of light 
from the surface of the water. If slightly lowered the distortion 
disappears, thus indicating the surface level with precision. 
The reading of the vernier on the scale then gives the head on 
the crest to thousandths of a foot. 

To avoid surface oscillations, and thereby obtain more precise 
readings, the hook gage should be set up in a still box communi- 
cating with the channel. The channel end of the opening or 
pipe leading into the still box must be flush with a flat surface 
set parallel to the direction of flow, and the pipe itself must be 
normal to this direction. 

The channel end of the pipe must be set far enough abgve the 
weir to avoid the slope of the surface curve, but not so far as to 
increase the head by the natural slope of the stream. 

If the formula of any particular experimenter is to be used, his 
location for the still box should be duplicated. 

69. Proportioning Weirs. — To illustrate the method of propor- 
tioning a weir, suppose that the stream to be measured is 5}^ ft. 
wide and Ij^ ft. deep, and that its average velocity, determined 
by timing a float over a measured distance or by using a current 
meter or a Pitot tube (Pars. 149 and 153), is approximately 4 ft. 
per second. The flow is then approximately 1,980 cu. ft. per 
minute. To determine the size of weir which will flow approxi- 
mately this amount, try first a depth of say 10 in. From Table 
17 it is found that each inch of length for this depth will deliver 
12.64 cu. ft. per minute. The required length of weir would then 

1 980 
be ^ VftI ~ 156.6, which is fifteen and two-thirds times the depth 

and therefore too long by Rule 2 of the specifications. 

Since the weir must evidently be deeper, try 18 in. From the 
table the discharge per linear inch for this depth is 30.54 cu. ft. 
per minute, and consequently the required length would be 
1 980 
'^oXa ~ ^'^ ^^'' ^^^^^ ^^ ^^^ ^^^y ^-6 times the depth and 

therefore too short. 

By further trial it is found that a depth of 15 in. gives a length 

of oo OQ ~ ^^-2 ^^'i which is 5.7 times the depth and therefore 
comes within the limits required by Rule 2. 



FLOW OF WATER 



63 



Suppose then that the notch is made 7 ft. long and say 20 in. 
deep, so that the depth may be increased over the calculated 
amount if necessary. If then the width of the pond back of the 
weir is not 50 per cent, greater than the width of the notch, or 
if the velocity of flow should be in excess of 1 ft. per second, the 
pond should, if possible, be enlarged or deepened to give the 
desired result. With the weir so constructed suppose that the 
depth of water over the stake back of the weir is found to be 
15}-^ in. From the table the discharge per linear inch corre- 
sponding to this head is found to be 23.52 cu. ft. per minute, and 
this multiplied by 84, the length of the weir in inches, gives 
1,975.7 cu. ft. per minute for the actual measured discharge. 

XUI. TIME REQUIRED FOR FILLING AND EMPTYING TANKS 

70. Change in Level under Constant Head. — To find the time 
required to raise or lower the water level in a tank, reservoir, or 




Fig. 55. 

lock, let A denote the area of the orifice through wliicli tlie flow 
takes place and K its coefficient of discharge or efflux. Several 
simple eases will be considered. 

The simplest case is that in which the water level in a tank is 
raised, say from AB to CD (Fig. 55), by water flowing in under a 
constant head h. Let V denote the total volume of water flow- 
ing in, represented in cross-section by the area A BCD in the 
figure. Then since the discharge Q through the orifice per second 
is 

Q:=KAV2gh, 
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the time t in seconds required to raise the surface to the level CD is 

V 



t = J = 



Q EAV^ 



(43) 



71. Varying Head. — It is often necessary to find the time re- 
quired to empty a tank or reservoir, or raise or lower its level a 
certain amount. A common case is that in which the level is to 
be raised or lowered from AB to CD (Fig. 56) by flow through 



_- . M 




Level Raised 




Level Lowered 
Flo. 56. 

a submerged orifice, the head on one side, EF^ of the orifice being 
constant. If the cross-section of the tank is variable, let Y 
denote its area at any section mn. In the time di the level 
changes from the height y to y — dy, and consequently the vol- 
ume changes by the amount 

iY = Ydy. 

But by considering the flow through the orifice, of area A, the 
volume of flow in the time di is 

iY ^ KAy/2qii di. 
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t = 



(44) 



Hence, by equating these values of rfF, we obtain the relation 

KAV2gydt = Ydy 
whence 

1 r^Ydy 

kaV2lI Vy 

72. Canal Lock* — ^A practical application of Eq. (44) is in find- 
ing the time required to fill or empty a canal lock. For an 
ordinary rectangular lock of breadth b and length Z, the cross- 
section is constant, namely Y = feZ, and consequently the ex- 
pression for the time integrates into 

blV2 



• = ^ImT^y - ^ <^- - ^"- 



(46) 



73. Rise and Fall in Connected Tanks. — When one tank dis- 
charges into another without any additional supply from outside, 
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Fig. 57. 

the level in one tank falls as that in the other rises. If l>oth tanks 
are of constant cross-section, then when the level in one tank has 
been lowered a distance t/, that in the other tank will have been 
raised a distance ]f (Fig. 57), such that if M and iV denote their 
sectional areas, respectively. 

In the interval of time dt suppose y changes to y + dy. Then 
considering the flow through the orifice of area A, as in the pre- 
ceding case, we have 

Mdy = KA\/2g[H - {i+Vm. 
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My 
or, since y' = -y". this may be written 

j^ ^ Mdy\/X 



KAVW^H - y{M + X)] 

Simplifying this expression and integrating, the resulting expres- 
sion for the time i is found to be 

t = -'^V\ r Jy __ ^ 

KAy/2gJ. VSH - y(J/ + S) 

Substituting the given limits, the time t required to lower the 
level a distance D is 

' = il-^U-l N VNH - VSH^(M+-S) 1]. (46) 

\Mien the level becomes the same in both tanks, since the 
volume discharged by one is received by the other, we have 

MD = N{H - D), 
or 

^- M + X 

Substituting thb value of D in £q. (46), it becomes 

t = - 2MNV1L (47) 

KAV2g(M + N)' 

which is therefore the length of time required for the water in the 
tanks to reach a common level. 

74. Mariotte*s Flask. — It is sometimes desirable in measuring 
flow to keep the head constant. It is difficult to accomplish this 
by keeping the supply constant, a more convenient method being 
by the arrangement shown in Fig. 58, which is known as MarioUe^s 
Flask. This consists of putting an air-tight cover on the tank, 
having a corked orifice holding a vertical pipe open to the atmos* 
phere. Since the pressure at the lower end A of the tube is 
always atmospheric, the flow is the same as thou^ the water 
level was constantly maintained at this height. As water flows 
out, air enters through the tube and takes its place so that the 
eflfective pressure remains constant, the pressure of air in the 
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tank and of the column of water above the lower end of the tube 
together being constantly equal to the pressure of one atmosphere. 
Therefore as long as the water level does not sink below the bot- 
tom of the pipe, the effective head on the orifice is its distance 
h below the bottom of the pipe, and the discharge is given by the 
formula 

Q = KAV^. (48) 
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Fig. 58. — Mariotte's flask. 
XIV. FLOW THROUGH SHORT TUBES AND NOZZLES 

76. Standard Mouthpiece. — When a short tube (adjutage, 
mouthpiece or nozzle) is added to an orifice, the flow through 
the opening is changed both in velocity and in amount. In 
general the velocity is diminished by the mouthpiece, due to 
increased frictional resistance, whereas the quantity discharged 
may be either increased or diminished, depending on the form of 
the mouthpiece. 

What is called the standard mouthpiece consists of a circular 
tube projecting outward from a circular orifice, and of length 
equal to two or three diameters of the orifice (Fig. 60). At the 
inner end of the tube the jet is contracted as in the case of a 
standard orifice, but farther out it expands and fills the tube. 
The velocity of the jet is reduced by this form of mouthpiece to 

V = O.S2V2gh, 

which is considerably less than for a standard orifice, but since 
there is no contraction, the quantity discharged is 

Q;= O.S2AV2gh, 
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where A denotes the area of the orifice. The discharge is there- 
fore nearly one-third larger than for a standard orifice of the same 
area with complete contraction (Fig. 59). 

76. Stream-line Mouthpiece. — By rounding the inner edge of 
the mouthpiece so that its contour approximates the form of a 
stream line, the velocity of the jet is greatly increased, its value 
for the relative dimensions shown in Fig. 61 being about 

V = 0My/2gh; 

and since the jet suffers no contraction, the quantity discharged is 

Q = 0MAV2gh, 

the area A, as before, referring to the area of the orifice. 

77. Borda Mouthpiece. — A mouthpiece projecting inward and 
having a length of only half a diameter is called a Borda motUh' 
piece (Fig. 62). The velocity is greatly increased by this form of 
mouthpiece, its value being about 

but the contraction of the jet is more than for a standard orifice, 
so that the discharge is only 

Q = 0.53A\/2^, 

where A denotes the area of the orifice. 

If, however, the length of the mouthpiece is increased to two or 
three diameters (Fig. 63) the discharge is increased nearly 50 per 
cent., becoming 

Q = 0,72AV2gh. 

78. Diverging Conical Mouthpiece. — For a conical diverging 
tube with sharp edge at entrance (Fig. 64) the jet contracts at the 
inner end as for an orifice, but farther on expands so as to fill the 
tube at outlet provided the angle of divergence is not over 8®. 
The discharge is therefore greater than for a standard mouth- 
piece, its amount referred to the area A at the smallest section 
being] 

Q = 0,9oA\/2gh. 

79. Venturi Adjutage. — If the entrance to a diverging conical 
mouthpiece has a stream-line contour, it is called a Veniuri 
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adjutage (Fig. 65). In experiments by Venturi and Eytelwein 
with diverging mouthpieces of the relative dimensions shown in 
Fig. 65, a 'discharge was obtained nearly two and one-half times 
as great as for a standard orifice of the same diameter as that at 
the smallest section, or about twice that for a standard short tube 
of this diameter, the formula for discharge referred to the area A 
at the smallest section being 

Q = 1.55Av^. 

80. Converging Conical Mouthpiece. — ^In the case of a conical 
converging tube with sharp corners at entrance (Fig. 66) the jet 
contracts on entering and then expands again until it fills the 
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tube, the most contracted section being just beyond the tip, and 
the greatest discharge occurring for an angle of convergence of 
approximately 13°. 

81. Fire Nozzles. — The fire nozzles shown in Figs. 67, 68, 69 
and 70 are practical examples of converging mouthpieces. The 
smooth cone nozzle with gradually tapering bore has been found 
to be the most efficient, the coefficient of discharge for the best 
specimen being 0.977 with an average coefficient for this type 
of 0.97. For a square ring nozzle like that shown in Fig. 69 the 
coefficient of discharge is 0.74; and for the undercut type shown 
in Fig. 70 the coefficient of discharge is 0.71. 
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XV. KllfSnC PRSSSUKB IN A FLOWING LIQUIP 

82. Kinetic Pressure. — ^For a liquid at rest, the normal pres- 
sure exerted by it on any bounding surface is called the hydro- 
static pressure and is given by the expression deduced in Par. 8, 
namely. 

If a liquid is in motion, however, the normal pressure it exerts 
on the walls of the vessel containing it, or on the bounding sur- 
face of a liquid vein or filament, follows an entirely dififerent 
law, as shown below. 

To distinguish the hydrostatic pressure from the normal pres- 
sure exerted on any bounding surface by a liquid in motion, the 
latter will be called the kinetic pressure, 

83. Bernoulli's Theorem. — To determine the kinetic pressure 
at any point in a flowing liquid, consider a small tube or vein of 
the liquid bounded by stream 
lines, as explained in Par. 48, 
and follow the motion of the 
liquid through this tube for a 
brief interval of time. 

Let A and A' denote the areas 
of two normal crossHsections of 
the vein (Fig. 71). Then since 
the liquid is assumed to be in- 
compressible, the volume Ad 
displaced at one end of the tube 
must equal the volume A'd' 
displaced at the other end. If 
p denotes the average unit 
pressure on A, and p' on A', the work done by the pressure on 
the upper cap, A, is 

+ pAd, 

and that on the lower cap. A', is 

- p'A'd\ 

the negative sign indicating that the element of work is of 

opposite sign to that at the other end of the vein. 

Also, if h denotes their difference in static head, as indicated in 

Fig. 71, the work done by gravity in the displacement of the 

volume Ad a distance h is 

yAdh. 




— ^^->- 



Fig. 71. 
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Since the forces acting on the lateral surface of the vein are 
normal to this surface they do no work. Assuming, then, the 
case of steady flow, that is to say, assuming that each particle 
arriving at a given cross-section experiences the same velocity 
and pressure as that experienced by the preceding particle at this 
point, so that the velocities v and v' through the caps A and A' 
are constant, the change in kinetic energy between these two 
positions is 

Therefore, equating the total work done to the change in energy, 
the result is 

vAd - p'A'd' + yAdh = ^(t;'^ - r^, 
or, since Ad = A'd', this reduces to 

This result is known as Bernoulli's Theorem, and shows that in 
the case of steady parallel flow of an ideal liquid, an increase in 
velocity at any point is accompanied by a corresponding decrease 
in kinetic pressure, or vice versa, in accordance with the relation 
just obtained. 

84. Kinetic Pressure Head. — If the theoretic heads corre- 
sponding to the velocities v and v' are denoted by H and H'^ 
respectively, then in accordance with Torricelli's theorem (Par. 
50) we have 

and consequently Eq. (49) may be written in the form 

. p' = p + 7(h + H - H'), (60) 

which is a convenient form from which to compute the kinetic 
pressure at any given point. 

If this relation is written in the form 

2-' + H' = B + H + h, (61) 

7 7 

then since p/7 is the head corresponding to the hydrostatic 
pressure p, each term is a length, and Bernoulli's theorem may be 
expressed by saying that : 

In the case of steady, parallel flow of an ideal liquid^ the sum of 
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the pressure head, velocity head and potential head is a constant 
quantity for any particle throughout its course. 

85. Application to Standard Mouthpiece. — An illustration of 
Bernoulli's theorem is afforded by the flow through a standard 
mouthpiece. At the con- 
tracted section A (Fig. 72) -=L=j ^ -^t^-^^-=^ =^ \ 
the velocity is evidently 
greater than at the outlet 
B. Therefore, by Ber- 
noulU's theorem, the kinetic 
pressure must be less at A 
than at B. Thus if a 
piezometer is inserted in 
the mouthpiece at A, the 
liquid in it will rise, show- 
ing that the pressure in the 
jet at this point is less than 
atmospheric. It was found 
by Venturi, and can also be 
proved theoretically, that 
for a standard mouthpiece 

the negative pressure head at A is approximately three-fourths of 
the static head on the opening, or, referring to Fig. 72, 

hi = %/i. 

To prove this relation apply Bernoulli's equation between a 
point at the surface and one in the contracted section A, Then 
if p denotes the unit atmospheric pressure at the surface, we have 

+ 2 + fc = 4r- + — + + bead lost at entrance. 
7 2g 7 

Assuming the coefficient of contraction at A as 0.64, we have 

VaXOMA= VbX A, 

or 

1 
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Va = 



0.64 



Vb- 



0.82 



Since Vb = O.S2y/2gh, we have Va = ^^ V2(/A = l.2S\/2gK 
From Art. 98 we have 

head lost at entrance = (qq72 ~" ^ ) 



1^1 

2g 



= 0.063 



2(/ 
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Substituting all these values in Bernoulli's equation, it becomes 

^ + A = (1.28)*A + ^ + 0.063 (1.28)»& 
whence 

2^ = £ - 0.741/1. 

Consequently the negative pressure head at A is 0.74%} or ^h 

approximately. 

XVI. VENTURI METER 

86. Principle of Operation. — The Venturi meter, invented by 
Clemens Herschel in 1887 for measuring flow in pipe lines, 
illustrates an important commercial application of Bernoulli's 
theorem. This device consists simply of two frustums of conical 
tubes with their small ends connected by a short cylindrical 
section, inserted in the pipe line through which the flow is to be 
measured (Fig. 73). If a pressure gage is inserted in the pipe 
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line at any point A and another at the throat of the meter B, 
as indicated in the figure, it will be found that the pressure at 
B is less than at A. 

87. Formula for Flow. — ^Let va and Vb denote the velocities at 
A and B, and Pa and ps the kinetic pressures at these points, 
respectively. Then since both points are under the same static 
head, Bernoulli's theorem, disregarding frictional losses, gives the 
relation 

Va^ ,Pa ^Vb^ ,Pb 

2g "^ 7 2g "^ y' 

If a and b denote the cross-sectional areas at A and B, the dis- 
charge Q is given by 

Q = avA = bvs 
whence 

Q Q 
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Substituting these values of Va and Vb in the preceding equation 
and solving for Q, the result is 

If Ha and ha denote the static piezometer heads corresponding to 
the kinetic pressures Pa and pa, respectively, this formula may 
be written 

^ = ^p\/2«** - ^)- »^'^^ 

Ordinarily the throat diameter in this type of meter is made 
one-third the diameter of the main pipe, in which case a = 96. 
If, then, h denotes the difiference in piezometer head between the 
upstream end and the throat, the formula for discharge, ignoring 
frictional losses, becomes 

= 1.062b\/^. (63) 

By experiment it has been found that ordinarily for all sizes of 
Venturi meters and actual velocities through them, the actual 
discharge through the meter is given by the empirical formula 

= (0.97 ± 0.03)b\/2gh. , (54) 

88. Commercial Meter. — A typical arrangement of meter tube 
and recording apparatus is shown in Fig. 74, the lower dial indi- 
cating the rate of flow, and the upper dial making a continuous 
autographic record of this rate on a circular chart. 

89. Catskill Aqueduct Meter. — The Venturi meter affords the 
most accurate method yet devised for measuring the flow in pipe 
lines. Fig. 75 shows one of the three large Venturi meters built 
on the line of the Catskill Aqueduct, which is part of the water 
supply system of the City of New York. Each of these meters is 
410 ft. long and is built entirely of reinforced concrete except for 
the throat castings and piezometer ring, which are of cast bronze. 
Provision is also made in connection with the City aqueduct for 
the installation of a Venturi meter upon each connection between 
the aqueduct and the street distribution pipes. 

90. Rate of Flow Controller. — Figure 76 illustrates a rate of flow 
controUeir operated by the difference in pressure in a Venturi tube. 
This apparatus is designed for use in a water pipe or conduit 
through which a constant discharge must be maintained regard- 
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For paraDel, or non-sinuous, flow it is possible to give a theoret- 
ical explanation of what occurs and deduce the mathematical law 
governing it, as shown below. No one, however, has yet ex- 
plained why the flow suddenly becomes turbulent at the critical 
velocity, or what law governs it subsequently. 

92. mscosity Coefficient. — ^The loss of energy accompanying 
pipe flow is due to the internal resistance arising from the viscosity 
of the liquid. This shear or drag between adjacent filaments 
is analogous to ordinary friction but follows entirely different 
laws. Unlike friction between the surfaces of soUds, fluid friction 
has been found by experiment to be dependent on the tempera- 
ture and the nature of the liquid; independent of the pressure; 
and, for ordinary velocities at least, approximately proportional 
to the difference in velocity between adjacent filaments. When 
this difference in velocity disappears, the f rictional resistance also 
disappears. 

The constant of proportionaUty required to give a definite 
numerical value to fluid friction is called the viscosity coefficient 
and will be denoted by /i. This coefficient fi is an empirical con- 
stant determined by experiment, the values tabulated below being 
the result of experiments made by O. E. Meyer. 



Temperature in degrees 
Fahr. 


50** 


60^ 


! 65^ 


70^ 


Visoosity ooeffident fi in 
lb. sec 

ft.« 


32 X 10"« 


28 X 10- 


• : 26 X 10-« 

r 


24 X 10"« 



The dimensions of /a are, of course, such as to make the equa- 
tion in which it appears homogeneous in the units involved, as 
will appear in what follows. 

93. Parallel (non-sinuous) Flow.^ — Consider non-sinuous flow in 
a straight pipe of uniform circular cross-section, that is, at a 
vdodty less than the critical velocity and therefore such that 
the filaments or stream lines are all parallel to the axis 
of the pipe. By reason of symmetry the velocity of any par- 
ticle depends only on its distance from the axis of the pipe. 
Let V denote the velocity of any particle and x its distance 
from the center (Fig. 77). Then if x changes by an amount 

* The following derivation is substantially that given by F5ppl in hi^ 
"I>ynamik." 
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this becomes 

TJfcr* 



« - f !<"' - '•>^ - 1 



But if Va denotes the average velocity of flow we also have 

whence by substituting the above value for Q, we have 

Q ~^ kr^ 

Comparing this expression with that previously obtained for the 
maximum velocity, it is evident that the maximum velocity is 
twice the average velocity of flow, 

96. Loss of Head in Small Pipes. — ^The loss in pressure in a 
length { is given by the relation obtained above, namely, 

I "" ' 

or, if the difference in head corresponding to this diflference in 
pressure is denoted by h, then, since p = 7/1, we have 

loss in head, h = — — = — 

7 7 

Substituting in this relation the value of k in terms of the average 
velocity of flow, the result is 

For small pipes, therefore, the loss of head is proportional to the 
first power of the average velocity, and inversely proportional 
to the square of the diameter of the pipe. 

This result has been verified experimentally for small pipes by 
the experiments carried out by Poiseuille. 

96. Ordinary Pipe Flow. — Under the conditions usually found 
in practice the velocity of flow exceeds the critical velocity and 
consequently the flow is turbulent and a greater amount of energy 
is dissipated in overcoming internal resistance than in the case of 
parallel flow. The result of Professor Reynolds' experiments 
indicated that the loss of head in turl^ulent flow was given by the 
relation 

ho: — . 

a 
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In commercial pipes the degree of roughness is a variable and un- 
certain quantity, so that the exact loss of head cannot be pre- 
dicted with accuracy. Practical experiments have shown, how- 
ever, that ordinarily the loss in head is proportional to the square 
of the average velocity, so that the relation becomes 

d 






Since the theoretical head corresponding to a velocity v is 



v^ 



A = s", the expression for the loss in head for a circular pipe 
running full may in general be written 

Ace 



VaH 



2gd 
or, denoting the constant of proportionality by/, this becomes 

1 V 2 

Here /is an empirical constant, depending on the condition of the 
inner surface of the pipe, and is determined by experiment. 
Eq. (57) is identical with Chezy's well-known formula 

V = Cy/rs, 
as will be shown in Par. 118. 

XVm. PRACTICAL FORMULAS FOR LOSS OF HEAD IN PIPE FLOW 

97. Effective and Lost Head. — ^In the case of steady flow 
through long pipes, much of the available pressure head disapn 
pears in frictional and other losses, so that the velocity is greatly 
diminished. Thus if h denotes the static head at the outlet and 
hi the head lost in overcoming frictional and other resistances to 
flow, the velocity v at the outlet is given by the relation 

h — hi = ^i 
2g 

or its equivalent, 

h = ^^ + h,. (68) 

The lost head hi is the sum of a number of terms, which will be 
considered separately. 
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98. Loss at Entrance. — A certain amount of head is lost at the 
entrance to the pipe, as in the case of a standard adjutage. If 
V denotes the velocity due to the head h with no losses, then 

whereas if Va denotes the actual velocity of flow the head corre- 
sponding to this velocity is 

The head, hi, lost at entrance, is therefore 

2g 2g 
If Cv denotes the velocity coefficient for the entrance, then 

Va = CvV, 

and consequently the expression for the head lost at entrance 
may be written 

^v^ _Va* ^ \Cv'__ _ tu* 
"' 2g 2g' 2g 2g 

For the standard short tube Cp = 0.82 (Par. 75) and therefore 
^ — 1 = 7q"oo\2 — 1 = 0.5 The head lost at entrance is 
therefore 

hi = 0.5 g. (69) 

If the pipe projects into the reservoir, Cp = 0.72 (Par. 77), and 
the head lost at entrance is thereby increased to 

hi = 0.93 I . 
2g 

For ordinary service taps on water mains it may be assumed as 

hi = 0.62 ^ . 

99. Friction Loss. — In flow through long pipes the greatest 
loss in head is that due to the friction between the liquid and the 
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walls of the pipe. Until recently this loss in head was assumed to 
be given exactly by the formula 

h, = f^xg, (60) 

where d = internal diameter of pipe; .y ^^ fC\l/^ U / 

I = length of pipe; V — O I V ^ '^ /' '-^fr/ 

f = empirical constant determined by experiment. 

Values of the constant / as determined by experiment for various 
kinds of pipe are given in Table 12. Average values ordinarily 
assumed for cast-iron pipe are: 

for new smooth pipes f = 0.024, \ /g^v 

for old rusty pipes f = 0.03. j ^ ^ 

More recent and accurate experiments have shown, however, 
that the loss in head due to pipe friction does not vary exactly 
as the square of the velocity nor inversely as the first power of 
the diameter, the results of such experiments leading to what is 
known as the exponential formula. This formula is of the form 

h2 = mj, (62) 

in which As denotes the loss in head for a given length of pipe, 

say, 1,000 ft., thereby eliminating the length f, and m is an 

/ 
empirical constant which replaces the combination ~- in the 

older formula. The essential difference between the two formu- 
las consists in the fact that the exponent x is not 2 but varies 
between 1.7 and 2, and the exponent z is not unity but is ap- 
proximately 1.25 for all kinds of pipe. 

100. Wood Stave Pipe. — From accurate and comprehensive 
experiments made by Moritz^ on wood stave pipe, ranging from 
4 in. to 55^ in. in diameter, it was found that the formula in this 
case should read 

h« = 0.38 ^', (63) 

where h% » friction head in feet per 1,000 ft. of pipe; 
V = mean velocity of flow in feet per second; 
d = diameter of pipe in feet. 

^ £. A. MoBiTZ, Assoc. M. Am. Soc. C. £., Engineer U. S. Reclamation 
Service, "Experiments on the Flow of Water in Wood Stave Pipe," Trans. 
Am. Soc. C. K, vol. 74, pp. 411-482. 






or s/^v -*'•'. ■ ^ 



i i 
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Solving this relation for v, we have 

and consequently the discharge Q in cubic feet per second is 

= l,36d*W"* (66) 

From these formulas, the velocity and discharge have been 
calculated by Moritz^ for pipes ranging from 6 to 120 in. in diame- 
ter and for a large number of hydraulic slopes, and the results 
are summarized in Table 16 at the end of this book. 

If it is necessary to find the discharge or velocity for slopes 
not given in Table 16, it will in general be suflBciently accurate 
to interpolate between the next lower and next higher slopes. 
Greater accuracy may be obtained by calculating the value of 
hi^'^^^ and multiplying it by the value of 1.35d^-^ given in column 
4 of the table, which has been inserted especially for this purpose. 

101. Graphical Solution. — ^Any exponential formula is par- 
ticularly adapted to graphical solution by plotting on logarithmic 
paper, as in this case the exponential curves are transformed into 
straight Unes and therefore require the plotting of only two 
points to determine each. Such a logarithmic diagram has been 
prepared by Moritz for his formula for wood stave pipe, and is 
shown in Fig. 78. On this diagram all the essential factors, 
namely diameter, area, velocity, discharge and friction head, 
are shown at a glance. As a numerical example, the diagram 
shows that a 16-ip. pipe has an area of 1.4 sq. ft., and with a 
velocity of 3 ft. per second will discharge 4.2 cu. ft. per second 
with a loss of head of 1.9 ft. per 1,000 ft. length of pipe. 

As another instance of the use of the diagram, suppose that it 
is required to obtain a discharge of 3 cu. ft. per sec. with an avail- 
able fall of 2 ft. per 1,000. Starting from the bottom scale, 
follow the vertical line f or i/ = 2 to its intersection with the 
horizontal line representing Q = 3. Since the point of inter- 
section lies almost on the 14-in. pipe line, it shows that this size 
pipe is required. Interpolating between the lines representing 
velocities of 2 ft. per second and 3 ft. per second, the velocity of 
flow is found to be 2.8 ft. per second. 

102. Cast-iron Pipe. — Many experiments have been made to 
determine the friction loss in cast-iron pipes, and a number of 
formulas have been proposed. The most reliable of these results 

1 Eng. Record^ vol. 68, No. 24, Dec. 13, 1913. 
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are the experimental coefficients C determined by Smith for use in 
the Chezy formula 

and the exponential formula proposed by Gardner S. Williams, 
which has the form- 

V = 67.7d«"V"* . (66) 

From a careful investigation of available data and a comparison 
of the results of 16 formulas, including the two just given, 
Moritz^ obtained the exponential formula 

V = 77d<^V"5. (67) 

whence 

Q = 1.31d2Ti«w6 (68) 

This formula differs from that for wood stave pipe only in the 
value of the constant coefficient. The velocity and discharge 
for cast-iron pipe may therefore be obtained from Table 16 for 

wood stave pipe by simply multiplying the results there given 

1.31 
by the ratio of these coefficients, namely, y or = 0.97. 

103. Deterioration with Age. — ^The above formula applies to 
new cast-iron pipe with smooth alignment and profile. To make 
allowance for deterioration with age, Moritz, adopts the assump- 
tion made by WilUams and Hazen in their hydraulic tables, 
namely, that the friction head increases 3 per cent, per year due 
to tuberculation, and that the diameter decreases 0.01 in. per 
year from the same cause. Applying these assumptions to the 
equation Q = l.Sld^ W.665^ ^^d denoting by K the ratio of 
discharge after n years of service to the discharge when new, we 
have 

[n -|2.7 r I -10.565. 

^ " i,2oodJ ^ Lr+ omnl (®®) 

For example, this equation shows that a 12-in. pipe 10 years old 
will carry only 85 per cent, as much as the same pipe when new. 

104. Riveted Steel Pipe. — Experiments on riveted steel pipes 

are too few to make an accurate formula possible. The formula 

proposed by Moritz for new asphalted pipes having smooth 

alignment and profile is 

Q = 1.18d2-^ho-^55 (70) 

which gives results about 10 per cent, less than the formula for 
cast-iron pipe. 

* Eng. Record, Dec. 13, 1913. 
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The discharge and velocity of flow for rivotoii $ttvl |V|.vis nukv 
be obtained from Table 16 for wood-stavo i^pos by nuihi|>l\°iiv$; 
the results there given bv the ratio of the omt^tant^ nantolv. 

1.35 = ®-^'*- 

106. Concrete Pipe. — Concrete pipe is mamifactun\l in Ynrious 
wa^-s and by different methods: namely, the dry-mix pi|H^ which 
is built in short sections and laid like clay sewt^r iu|h^: the wet- 
mix pipe, also built and laid in short sections; and tlie wet-uu\ 
pipe built continuously in the trench. In the al>stmce of n^liahle 
experiments with concrete pipe, Moritz assumes that the dis- 
charge may be closeh- approximated by chissing the dry-mix 
pipe with riveted steel pipe; the wet-mix built in short stH*tions 
with cast-iron pipe; and the continuous wet-mix pi|H> with wood 
stave pipe. 

106. Bends and Elbows. — ^Bends and elbows in a pi|H' also 
greatly diminish the effective head. Until nM^onily the fonu\ilas 




d 

Y 
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obtained by Weisbach from experiments on Hniall pipe were 
generally accepted for lack of better authoiity. Acc^ording to 
Weisbach the lost head due to a sharp (^Ihow of angle a (l*'ig. 70) 
is given by the formula 



V2 



h3 = m2^, (71) 

where m is a function of the angle a, given by the equation 

m = 0.9457 sin^ (^) + 2.017 nin* (^ • 

Values of m, calculated from this formula for varioiiH vuhjen of 
the an^e a, are tabulated as follows: 



a - 2rj^ arr- 40'- '/)' W' 70' W' iHf 

m « .046 ()7:i .\y/j .234 .:^)4 r//,:i .740 UHi 



90 



ELEMENTS OF HYDRAULICS 



For a curved elbow of radius R and central angle a (Fig. 80) 
Weisbach's formula for lost head is 



(72) 



where the coefficient n has the value 

n = 0.131 + 0.163 Q • 

Values of n calculated from this formula for various values of the 
ratio p are tabulated below for convenience in substitution. 



1" -2 -3 

n 1 


.4 


.5 


.6 


.8 


1.0 


1.2 


1.26 


1.3 


1.4 


1.6 


1.8 2.0 1 


n= 1.131 .133 


.138 


.145 .158|.206| .294| .440 .487 .530 


.66l| .077| 1.40! 1.98{ 




Fig. 80. 



Weisbach^s formula if it was of general appUcation would imply 
that the greatest loss of head occurs in bends of smallest radius, 
and conversely, as the radius of the bend increases, the loss in 

head diminishes. Experiments 
made by WiUiams, Hubbell and 
FenkelP at Detroit on pipes of 12, 
16 and 30 in. diameter, however, 
indicated that the loss of head is a 
minimum for bends with radii of 
about two and one-half times the 
diameter of the pipe. Further ex- 
periments made by Schoder* at 
Cornell on 6-in. pipe; by Bright- 
more' in England on 3- and 4-in. pipe; and by Davis* and 
Balch^ at the University of Wisconsin on 2- and 3-in. pipes 
have shown that the Weisbach formula is not vaUd for larger 

^Gardner S. Williams, Clarence W. Hubbell and Gboboe H. 
Fenkell, "Experiments at Detroit, Mich., on the Effect of Curvature 
upon the Flow of Water in Pipes," Trans. Am. Soc. C. E., vol. 47. 

'Ernest W. Schoder, ''Curve Resistance in Water Pipes," Trans, Am. 
Soc. C. E., vol. 62. 

'A. W. Briohtmore, "Loss of Pressure in Water Flowing Through 
Straight and Curved Pipes," Minutes of Proc. Inst. C. E., vol. 169, p. 323. 

* George Jacob Davis, Jr., "Investigation of Hydraulic Curve Resist- 
ance. Experiments with 2-in. Pipe," Bull. Univ. of Wis., No. 403, January, 
1911. 

*L. R. Balch under direction of George Jacob Davis, Jr., "Investiga- 
tion of Hydraulic Curve Resistance. Experiments with 3-in. Pipe, Bidl. 
Univ. of Wis., No. 578, 1913. 
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pil>e8 under ordinary conditions of service. The Wisconsin ex- 
perinients, however, did not confirm the Detroit experiments as 
to the minimum loss of head occurring with bends of two and 
one-half pipe diameters. 

The conclusions reached from the Wisconsin experiments were 
as follows: 

(a) The total loss of heads in bends decreases with an increase 
in radius until the radius of the bend equals about four pipe 
diameters. For bends with radii greater than five pipe diame- 
ters, the total loss in head increases with an increase in radius. 

(6) The constant / in the relation 

as applied to curve resistance is independent of the diameter of 
the pipe, but varies inversely as the radius of the bend. 

(c) The net curve resistance, that is, the loss of head due to the 
bend alone and not including pipe friction, decreases to a mini- 
mum for a radios of bend equal to about six pipe diameters, then 
increases until the radius is about 14 pipe diameters, after which 
it again decreases. 

(d) The net curve resistance per unit length of bend is inde- 
pendent of the diameter of the pipe; decreases with an increase 
in the radius of curvature; and varies approximately as the square 
of the velocity of flow. 

It has been pointed out by W. E. Fuller,^ Consulting Engineer 
of New York City, that in all these experiments it was assumed 
that the loss of head in bends in different sizes of pipes should 
be the same when the radius of the bend in terms of the diameter 
of the pipe were aUke, whereas with so many different factors 
contributing to the loss, there seems to be no adequate grounds 
for assuming such a relation to exist. 

From a careful comparison of all available data, Fuller found 
that the loss is more nearly the same for different sizes of pipes 
with bends of the same actual radius than for bends of the same 
radius in pipe diameters. From this comparison the formula 
for loss of head was found to be 

hs = kv2" (73) 

* W. E. Fuller, "Loss of Head in Bends," Jour. New Eng. Water Works 
A9SOC,, Vol. 27, No. 4, December, 1913. 
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where A« = loss of head in excess of the loas for an equal length 
^ of straight pipe; 

k = coefficient depending on the radius of the bend; 
V = velocity of flow in feet per second. 
Values of the coefficient k are given in Fig. 81, 





















































































































^ 






— ■ 
















/ 


^ 
























•^ 



































6 






o 


a i 


1 




a 


t 



Value or coefficient k in 



The following table shows the loss of head for ardinary 00" 

bends of the New England Water Works Association standard. 



LtwB OF Head Due to 90' Ben-ds of the N 


EW Enoland Water Works 




Association Standabo 








Size of pipe, 
inches 


bend, feet 


of length equal to tsngents 


V = 3 ft./seo-l 1. - 5 ft./«ec- | p- 10 U./«e- 


4 


1.33 


0.021 


0.073 0.X7 J 




1.33 


0.025 


0.082 0.4^^ 


8 


1.33 


0.026 


0OS6 O^H 




1.33 


027 


U,(BO O'-fl^H 




1-33 


0.028 


O.OOO D.^H 


IB 


2.0 


9.038 II 08& 0i\ .Jj 


20 


2.0 


:«SM7 o.osa 0*1^ 


24 


2.5 


•.WHi noU 0.41 


30 


3 


i^tm (1 DS.1 ».ii ' 


36 


4 


n.026 


■1 il-iTi 



For bends less than 90°, the u«J n 
of head is recommendod; 
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For 45^ bends, use three-fourths of that due to 90** bends of 
same radius. 

For 22)^** bends, use one-half of that due to 90° bends of same 
radius. 

For a Y-branch, use three-fourths of that due to a tee. 

For velocities of 3 to 6 ft. per second the loss of head in bends 
is approximately proportional to the velocity head, and for rough 
approximations the following rules may be used: 

For 90** bends of radius greater than 1}^ ft. and less than 10 ft., 

hz = 0.25 ^• 
For tees, that is, bends of zero radius, 

hz = 1.25 ^• 
For sharp 90** bends of 6-in. radius 



hz = 0.5 



V 



2 



~2g 



107. Enlargement of Section. — A sudden enlargement in the 
cross-section of a pipe decreases the velocity of flow and causes a 
loss of head due to eddying in the corners, etc. (Fig. 82). If the 



' ^W,'///M/MU^ y^. 



v)> ' , ■ ' )>"}/}}/!)}>;>';)/!. >, ' f" ' " ' " ' f . ' ■ ' ^ ' . ' ' ' ■" '■ 




Fig. 82. 



velocity is decreased by the enlargement from v\ to v^^ it has been 
found by experiment, and can also be proved theoretically, that 
the head lost in this way is given by the formula 

(Vi - V2)2 



h4 = 



2g 



(74) 



To prove this relation let A i denote the smaller area of diameter 
d (Fig. 82) and A^ the larger area of diameter I), so that from the 
law of continuity of flow we have 

A\Vi = A^o^, 
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Applying Bernoulli's equation to points on opposite sides of 
the change in section, we have 

^* + £i = ^* + P« + lo3thead. 

whence 

lost head = ^' - ^' + ^"^^ 

2g 2g y 

Since the difference in pressure is a force of amount ptAt — piAt, 
we have by the principle of impulse and momentum 

W 
P2A2 - P1A2 = — (ri - V2) 

\t 
where W = v^ATTfy and consequently this reduces to 

y 9 

Substituting this in the expression for lost head it becomes 

lost head = ^^ — a- — x— (vi — v^) 

2g 2g 2g ^ ^ 

2g 




•^^^ ^Jm^m ^^m^i^im^mmi^i^^ 



D ^Vi ^ ^ i >.V2 



'>'' 



»»*»*^«*N'5NiJS^^^}^il^N^*N^^>^N^^^^^^^N^^^^^^^^: 



v^xV^^^^^^^-^\^>s/.v•^^>:^^\^^^^'<oC^s^V^# 



-'•^' ; ^ 



Fig. 83. 

To obtain a more convenient expression for htj let a denote 
the area of cross-section of the smaller pipe and A of the larger. 
Then 

Via = V2Af 
whence 

V2A 
Vi = — , 
a 

and consequently the expression for hi may be written 

108. Contraction of Section. — A sudden contraction in section 
also causes a loss in head, similar to that due to a standard orifice 
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or adjutage (Fig. 83). The lost head in this case has been found 
by experiment to be given by the equation 



hs = q 



2g' 



(76) 



where q denotes an empirical constant, determined experimen- 
taUy. The following tabulated values of the coefficient q are 
based on experiments by Weisbach, A being the cross-sectional 
area of the larger pipe and a of the smaller.^ 



a 
A 


.1 


.2 


.3 


.4 


.5 


6 


.7 


.8 


.9 


1.0 


q .362 .338 


.308 


.267 


.221 


.164 


.1051.053 .015 .000 



109. Gate Valve in Circular Pipe. — ^The loss in 
head due to a partly closed gate valve (Fig. 84) has 
been, determined by experiment for different ratios 
of height of opening to diameter of pipe with the 
following results.* In this Table, x denotes the 
height of the opening, d the diameter of the pipe, 

ht the loss in head and f the empirical coefficient in 

v* 
the formula fte = f sr- 



A. 




Fig. 84. 



X 

d 


1 


i 


i 


i 


1 


1 


i 


t 97.8 17.0 


5.52 1 2.06 0.81 


0.26 


0.07 



..»- 




=1? 

I 

± 



D 
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110. Cock in Circular Pipe.— For 
a cock in a cyUndrical pipe (Fig- 
85) the coefficient f has been de- 
termined in terms of the angle of 
closure B with the following results. 



e 


5* 1 10* 1 15* 20* 


25* 


30* 


35* 


40* 


45* 50* 


55* 


60* 


65*1 82* 1 


.05 


.29. 


.75 


1.56 


3.1 


5.47 


9.68 


17.3 


31.2 52.6 


106 


206 


486 


Valve 
closed 



* HoBKiNB,"" Text-book on Hydraulics/' p. 74. 

* The coefficient for losses at valves are based on experiments by Weis- 
BACH and are given in most standard texts on ''Hydraulics." See for 
example Wittenbaubr, "Aufgabensammlung/' Bd. Ill, S. 318; Gibson, 
"Hydraulics and its Applications,'' pp. 249, 250. 
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111. Throttle Valve in Circular Pipe. 

— The coefficient f in the formula h$ = 



V 



Fig. 86. 



f 2 has been determined experimentally 

for a throttle valve of the butterfly 
type (Fig. 86) for various angles of 
closure with results as follows: 





f 


5° 
0.24 


10° 
0.52 


2T 30° 
1.54 3.91 


40° 
10.80 


45° 


50° 


60° 


70° 


18.70 


' 32.6 


118 


751 



112. Summary of Lrosses. — The total head, hi, lost in flow 
through a pipe line is then the sum of the six partial losses in 
head mentioned above, namely, 

hi = hi -^ h2 -^ hz -^ hi -\- h^ -\- hi. 
The values of these six terms may be tabulated as follows: 



Loss of head in pipe flow 



Head lost at entrance 



V' 



hi = 0.5^ 



Friction head 



hi 



-m 






Head lost at bends and el-; , , , ,. 

, 9 \ hz = fcl'^ " 

bows 



Head lost at sudden enlarge- , _ (*'i ~ ^i) * 
ment ^* " 



29 



Head lost at sudden con-, i _ ^^ 
traction ^ ~ ^ 2g 



Head lost at partially closed . _ i. ^'*_ 
valve 1 ^ 2g 



! Ck>efflcient modified by 
I nature of entrance and 
varies from 0.5 to 0.9 



Table 12 



For values of coeflTi- 
' cient, see table, p. 05 



See tabular values of 
f , pages 95 and 96 



From Eq. (58) we have 

h =^2^ "^ ^^ ^ 2a + '^i + ^^2 + /la + ^4 + /is + A«, 
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For a short straight pipe, where by a short pipe is meant one for 
which -, ^ 4,000, the loss in head is simply 

A = 2^ + fci + A2 
and inserting in this the values of h\ and ht given above, we have 




+ 0.5 + f(J) 



Td^ 



Combining this with the relation Q =^ Av = -j- and solving 

for dj we have as the diameter required to furnish a given dis- 
charge Q, 

d = 0.4789 [ (l.6d + fl) ^'] ^ (77) 

which is best solved by trial. 

For a long straight pipe, where -, > 4,000, all other losses may 

be neglected in comparison with friction loss, in which case the 
above formula simplifies into 

d = 0.4789 (^')^. (78) 

113. Application. — To give a simple illustration of the applica- 
tion of the formula, suppose it is required to find the velocity of 
flow for a straight new cast-iron pipe, 1 ft. in diameter and 5,000 
ft. long, with no valve obstructions, which conducts water from 
a reservoir the surface of which is 150 ft. above the outlet of the 
pipe. 

In this case 



,= /_J?^,_= _2(32.2)150 ^g^g^^^ 




l+0.5+/(j) yj 1+0,5 + 0.024(^^) per sec. 

and the discharge is ' 

Q = Av = ? X 8.9 X 60 = 419.4 cu. ft. per min. 

XDL HYDRAULIC GRADIENT 

114* Kinetic Pressure Head. — In the case of steady flow through 
a long pipe, if open piezometer tubes are inserted at different 

points of its length and at right angles to the pipe, the height 

7 
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at which the water stands in any tube represents the kinetic 
pressure head at this point. Assuming that the pipe is straight 
and of uniform cross-section, the velocity head is constant through- 
out, and therefore as the frictional head increases the pressure 
head decreases. The head lost in friction between any two points 
m and n (Fig. 87) as given by Eq. 60 Par. 99 is 

and is therefore proportional to the distance { between these 
points. Consequently, the drop in the piezometer column be- 
tween any two points is proportional to their distance apart, and 
therefore the tops of these columns must Ue in a straight line. 




Fig. 87. 

This line is called the hydraulic gradient, or virtual slope of the 
pipe. Evidently the vertical ordinate between any point in the 
pipe and the hydraulic gradient measures the kinetic pressure 
-head at the point in question. 

116. Slope of Hydraulic Gradient. — When a pipe is not straight, 
successive points on the hydraulic gradient may be determined by 
computing the loss of head between these points from the relation 



.flM 



/Q 



2j/' 



taking as successive values of I the length of pipe between the 
points considered. 

In water mains the vertical curvature of the pipe line is gen- 
erally small, and its effect on the hydraulic gradient is usually 
neglected. When, however, a valve or other obstruction occurs 
in a pipe there is a sudden drop' in the hydrauUc gradient at the 
obstruction, due to the loss of head caused by it.' 

It should be noted that the upper end of the hydraulic gradient 
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below the water level in the reservoir a distance equal to the 
head lost at entrance plus the velocity head. The slope of the 
hydraulic gradient is usually defined, however, as 

^, # V J 1- J- X static head 
Slope of hydraulic gradient = , — -7, — ^ — - , 

which is equivalent to neglecting the velocity head and head lost 
at entrance, thereby making the assumed hydraulic gradient 
slightly steeper than it actually is. 

116. Peaks above Hydraulic Gradient. — When part of the 
pipe line rises above the hydraulic gradient (Fig. 88), the pressure 
in this portion must be less than atmospheric since the pressure 




Fig. 88. 

head h' becomes negative. If the pipe is air-tight and filled be- 
fore the flow is started this will not affect the discharge. If the 
pipe is not air-tight, air will collect at the summit above the 
hydraulic gradient, changing the slope of the latter from AB to 
AC as indicated in Fig. 88, thereby reducing the head to A" 
with a corresponding diminution of the flow. Before laying 
a long pipe line the hydraulic gradient should therefore be plotted 
on the profile to make sure there are no summits projecting above 
the gradient. In case such summits are unavoidable, provision 
should be made for exhausting the air which may collect at these 
points, so as to maintain full flow. 

XX. HYDRAULIC RADIUS 

117. Definition of Hydraulic Radius. — That part of the 
boimdary of the cross-section of a channel or pipe which is in 
contact with the water in it is called the wetted perimeter, and the 
area of the cross-section of the stream divided by the wetted 
perimeter is called the hydraulic radius, or hydraulic mean depth. 
In what follows the hydrauUc radius will be denoted by r, defined 



as 



— - -. -, Area of flow 

Hydraulic radiusi r = ?iF-r7-i — li — :- • 
^ Wetted perimeter 



(79) 



h^^ 
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Some writers apply the term hydraulic radius only to circular 
pipes, and use the term hydraulic mean depth for flow in channels. 
For a channel of rectangular cross-section having a breadth b 
and depth of water h, the hydraulic radius is 

bh 
^ b + 2h 
In a circular pipe of diameter d, running full, the hydraulic 
radius is 

= 3 - ^ 
^ wd 4* 

For the same pip)e running half full, 

ird^ 

^ Td 4' 
2 

and is therefore the same as when the pipe is full. 

Other examples of the hydraulic radius are shown in Figs. 
108 to 114. 

118. Chezy's Formula for Pipe Flow. — The formula proposed 
by Chezy for the velocity of flow in a long pipe is 

V = cVrs,;. (80) 

where s denotes the slope of the hydrauUc gradient, defined in the 
preceding article; r is the hydraulic radius, defined above; and 
C is an empirical constant which depends on the velocity of flow, 
diameter of pipe, and roughness of its lining. 

For a circular pipe flowing full Chezy*s formula is identical 
with the formula for friction loss in a pipe, given by Eq. (60), 
Par. 99, namely. 

To show this identity, substitute in Chezy*s formula the values 



^-4) 



d . h 
r = -. and s = t* 
4 I 



Then it becomes 



. = cj' 



dh 



whence, by squaring and solving for A, it takes the form 
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Consequently, if the constant term >i^ is denoted by /, that is, 

Chezy's formula assumes the standard form, 

Chezy's formula also applies to flow in open channels, as ex- 
plained in Art. XXV. 

119. Kutter and Bazin Formulas for Pipe Flow. — The use of 

I v^ 
Weisbach's formula h = /j'o » ^ J^^^ shown, is equivalent to 

using Chezy's formula v = Cy/rs under the assumption that the 
coefficient C is constant. It has been found by experiment, 
however, that the coefficient C in Chezy*s formula is not strictly 
constant for any particular pipe or channel, nor dependent only 
on the roughness of the pipe or channel lining, but that it also 
varies with the slope and the hydraulic radius. Expressions for 
C in terms of these variables have been proposed by various 
engineers, the two formulas most widely used being those due^^o 
Kutter and to Bazin, given in Pars. 140 and 142. Although 
Kutter's and Bazin's formulas were intended primarily to apply 
to flow in open channels, they are now also used extensively for 
calculating flow in pipes and conduits. Kutter's and Bazin's 
values of Chezy's coefficient are also given and tabulated in 
Tables 14 and 15. 

120. Williams and Hazen's Exponential Formula. — The varia- 
tion in Chezy's coefficient may also be taken into account by 
writing Chezy's formula in the exponential form 

V = Cr^s**, (81) 

in which the exponents m and n as well as the coefficient C dep)end 
on the roughness of the channel lining, and to a certain extent 
on the form of the channel. An exponential formula of this type 
is more flexible as well as simpler than the Kutter and Bazin 
formulas, and is coming to be generally accepted as the standard 
type for calculating flow in pipes as well as in open channels. 

At present the most generally used formula of this type is 
that due to Williams and Hazen, namely, 

V = Cr» "s»^H).001-o 0* (82) 
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where v = velocity of flow in feet per second; 
8 = slope; 

r = hydraulic radius in feet; 
C = 100. 

To obviate the inconvenience of using this formula, Williams and 
Hazen have prepared extensive hydraulic tables, as well as a 
special slide rule. 

A brief table giving friction head in pipes computed by means 
of this formula is given at the end of this volume as Table 13. 

XXI. DIVIDED FLOW 

121. Compound Pipes. — In water works calculations the prob- 
lem often arises of determining the flow through a compound 
system of branching mains. 
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Fig. 89. 



To illustrate the method of finding the discharge through the 
various branches, consider first the simple case of a main tapped 
by a branch pipe which later returns to the main, as indictated 
in Fig. 89. The solution in this case is based on the fundamental 
relation deduced in Par. 97, namely, 

'• = 21 + ''' 
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where h denotes the static head, and hi the head lost in friction. 
Using the notation indicated on the figure and considering the 
two branches separately, we obtain the following equations: 

For line ABMCD, 

'• = '4 +^(f.)i" +f^t ^'&y4 + "^ "»' " - 

trance + resistance at y-branch. (83) 

For line ABNCD, 

"' -'4 *'(i)'4 ^'&"4 ^'^y4 + '"'^ >"' " »• 

' trance + resistance at F-branch. (84) 

By subtraction of these two equations we have 

which shows that the frictional head lost in the branch BMC is 
equal to that lost in BNC. 

Since the total discharge through the branches is the same as 
that through the main before dividing and after uniting, we also 
have the two relations 

aiVi = aiV2 + azVz = 04^4. (86) 

By assuming an average value for the frictional coefficient /, 
the four equations 83, 84, 85 and 86 may then be solved for 
the four unknowns vi, 1^29 vz, Va. Having found approximate 
values of the velocities, corresponding values of / may be sub- 
stituted in these equations and the solution repeated, thus giving 
more accurate values of the velocities. 

Having found the velocities, the discharge through the various 
pipes may be obtained from the relations 

Qi = Q« = aiVi = a4t;4; O2 = a2t;2; Qz = azVz. 

The solution for more complicated cases is identical with the 
above, except that more equations are involved. 

122. Branching Pipes. — ^Another simple case of divided flow 
which is often met is that in which a pipe AB of diameter d 
divides at some point B into two other pipes, BC and BD, of 
diameters di and ^2 respectively, which discharge into reservoirs 
or into the air (Fig. 90). If any outlet, as C, is higher than the 
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junction B, then in order for flow to take place in the direction 
BC, the hydraulic gradient must slope in this direction; that is to 
say there must be a drop in pressure between the junction B and 
the level of the outlet reservoir C, or, in the notation of the figure, 
the condition for flow in the direction BC is hi > h. 

Assuming this to be the case, the solution is obtained from the 
same fundamental relation as above, namely. 



V 



2 



A = 2^ + A,. 
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Fig. 90. 

Using the notation indicated on the figure for length, diameter 

and velocity in the various pipes and considering one line at a 

time, we thus obtain the following equations: 
For line ABC 



'^^ = |+^Qb'^^(d;)2g' 



(87) 



For line ABD, 

*■-f^^(i)5^A5)l;• <»> 

Also, from the condition that the discharge through the main 
pipe must equal the sum of the discharges through the branches, 
denoting the cross-sectional areas by a, ai, a2 respectively, we 
have 

av = aiVi + a2t^2. (89) 

By assuming an average value for the frictional coefficient /, 
these three equations may then be solved for the three unknowns 
V, vi and wj. Having thus found approximate values of the veloc- 
ities, the exact value of / corresponding to each velocity may be 
substituted in the above equations and the solution repeated^ 
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giving more accurate values of the velocities. Having found the 
velocities, the discharge from each pipe is obtained at once from 
the relations 

The method of solution is the same for any number of branches, 
there being as many equations in any given case as there are un- 
kno\vn velocities' to be determined. 

Other simple cases of divided flow are illustrated in the numer- 
ical examples at the end of the chapter. 

XXn. FIRE STREAMS 

123. Freeman's Experiments. — Extensive and accurate experi- 
ments on discharge through fire hose and nozzles were made by 
John R. Freeman at Lawrence, Mass., in 1888 and 1890.^ 

From these experiments it was found that the smooth cone 
nozzle with simple play pipe is the most efficient for fire streams, 
the coefficient of discharge being nearly constant for the various 
types tried and having an average value of 0.974 for smooth cone 
nozzles and 0.74 for square ring nozzles. 

The friction losses for fire hose were found to be given approxi- 
mately by the empirical formula 

P "" Fld"*K» "^ 
6472 
with notation as given below. 

For fire hose laid in ordinary smooth curves but not cramped or 
kinked, the friction loss was found to be about 6 per cent, greater 
than in perfectly straight hose. 

124. Formulas for Discharge. — The following formulas for 
discharge were deduced by Freeman from these experiments. 
Notation: 

Q = discharge in cubic feet per second; 
G = discharge in gallons per minute = 448.83Q; 
h = piezometer reading at base of nozzle in feet of water; 
p = pressure at base of nozzle in lb. per sq. in. = 0.434/i; 
P = hydrant pressure in lb. per sq. in.; 
K = coefficient of discharge = 0.974 for smooth cone nozzles 

and 0.74 for square ring nozzles; 
C« » coefficient of contraction; 

> TrwM. Am. Soc. C. E., vol. 21, pp. 303-482; vol. 24, pp. 492-527. 
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d == diameter of nozzle orifice in inches; 
D = diam. of channel, where pressure is measured, in in.; 
{ = length of hose in feet; 

H = total hydrostatic head in feet = 



i-^MS) 






F = 30 for unlined linen hose 2}4 in- i° diam.; 

= 26 for inferior nibber-^ed hose 2^ in. in diam. ; 
= 13 for best rubber-lined hose 2^ in. in diam. 
Then 



Q = 0.04374Kd' 



'-^•(b)" 



H 



0.06646Kd' 



and 



-^•w 



(90) 



G = 19.636Kd' 



i-^'lfit* 



hi 



= S9.83 Kd- 



1-KM^)* 



hi 
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125. Height of Efifectiye Fire Stream. — It was also found that 
the heis:ht, ;v, of extieiue drops in still air from noules ranging 
in siio fn^in ^^4 in. to l^'^s in. in diameter was given by the formula 

V = H -0.00135 ^' • (W) 

dx Cc 

The hoi»:h; of :\ nr^:-oI.^^^i f.re strociin will then be a certain 

tion of '^ ;iji iiuiw-ito-.i i:i the : olio wir.c table: 






^ t 



• i» . '. . 



100 ft. 125 ft. 150 ft 



:r^s . = .^ <J , > 7v^ > 0.73 y 0.67 y .0.63 y 



Ti^blo 1 1 :s :il^v\ij;i\: :*:v.v, .- >::v..l;ir tVrle computed by Freeman 
ftXMu thoso jiv.vi V •/: V '. :. •:. \:*..i<. :.;: h-:rv civen. and will be fotmd 
iHMWouiont JO \;so * - '.\ .- .: :::v-5::x.^.:v. rn.^blems. 

1S6, Fl<^miu|:*s K\peinv.er.:s. A <<::U:? of experiments on fire 
»(nHU)Mi fi\>m s^mHll iu -.^ . ." • . ::.;s .v.^^ r^ade by Virgil R. Flem- 
Uttivt^r^utN V { 11. V < ... Ivll. The results of these 
^M%lUiiK> *u:u:v..ir.:o.; .v. Tible 11. 
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XXm. EXPBRIUBNTS ON THE FLOW OF WATER 

127. Veriflcatioii of Theory by Experiment.— The subject of 
hydraulics as presented in an elementary text book is necessarily 
limited to simple demonstratioDs of the fundamental principles. 
It should not be inferred from this that the subject is largely ex- 
perimental and not susceptible of mathematical analysis. As a 
matter of fact, hydrodynamics is one of the most difficult branches 
of applied mathematics, and its development has absorbed the 
best efforts of such eminent mathematical physicists as Poinsot, 
Kirchhoff, Helmholz, Maxwell, Kelvin, Stokes and Lamb. Nat^ 
urally the results are too technical to be generally appreciated, 
but afford a rich field for study to those with sufficient mathe- 
matical preparation. 

Some of the results concerning the flow of liquids derived by 
mathematical analysis have been verified experimentally by the 
Engliah engineers, Professor H. S, Hele-Shaw and Professor 
Osborne Reynolds. The chief importance of these experiments 
is that they serve to visualize difficult theoretical results. 

128. Hetfaod of Conducting Experiments. — In Par. 47 a stream 
line was defined as the path followed by a particle of liquid in its 
motion. A set of stream lines distributed through a flowing 
liquid therdore completely determines the nature of the flow. 
To make such stream lines visible, so as to make it poesiMe to 
aetuallj trace the motion of the particles of a clear fluid, both 

B named above allowed small bubbles of air to enter 
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130. Disturbance Produced by Obstacle in Current.— If the 

vduumel is of considerable extent and a small obstacle is placed in 
it, the stream lines curve around the obstacle, leaving a small 
mpaxe behind it, as shown in Fig. 93, If the object is a square 
Uock or flat plate this effect is greatly magnified, as shown in 
Kg. 94. The water is prevented from closing at once behind the 
obstacle by reason of its inertia. This indicates why the design 
of the stem of a ship Is so much more important than that of the 
bow, since if there are eddies in the wake of a ship, the pressure 
of the water at the stern is decreased, thereby increasing by jttt 
this much the eEFective resistance to motion at the bow. 




131. Stream-line Motion in Thin Film. — In these expt'riinents 
it was also observed that there was always a clear film of liquid, 
or border line, on the aides of the channel and around the obstacle. 
This observed fact was accounted for on the ground that by 
reason of the friction between a viscous liquid and the sides of the 
channel or obstacle, the thin film of liquid affected was not mov- 
ing with turbulent motion but with true stream-line motion, as 
in an ideal fluid. To isnhuc this film so as to observe its motion, 
irater was allowed to fiow between two plates of glass in a sheet 
■o thin that its depth corresponded to the thickness of the border 
line previously observed. When this was done it immediately 
became apparent that the flow was no longer turbulent but a 
steady stream-line motion. The flow of a viscous fluid like glyc- 



110 ELEMESTS Of HYDBACUCS 




FLOW OF WATER 



111 



erine in a tbin film thus not only eliminates turbulent flow, but 
also to a certain extent the inertia efFects, thereby resulting in 
true stream-line flow. 

ISS. Cylinder and Flat Plate. — To make the stream lines vis- 
ible, colored liquid was injected through a series of small openings, 
the result being to produce an equal number of colored bands or 
stream lines m the liquid. Fig. 95 shows these stream Unes for 
a cylinder, and Fig. 96 for a flat plate placed directly across the 
current, whUe Fig. 97 shows a comparison of theory and experi- 
ment for a flat plate inclined to the current. 

133. Velocify and Pressure. — The variation in thickness of the 
bands is due to the difference in velocity in various parts of the 
channel, the bands of course being thinnest where the velocity is 




Fio. 98. 



greatest. Since a decrease in velocity is accompanied by a cer- 
tain increase m pressure, the wide bands before and behind the 
obstacle indicate a region of higher pressure. This accounts for 
the standing bow and stem waves of a ship, whereas the narrow- 
ing of the bands at the sides indicates an increase of velocity and 
reduction of pressure, and accounts for the depression of the water 
level at this part of a ship. 

In the case of a sudden contraction or enlai^ement of the chan- 
nel section, the true stream-line nature of the flow was clearly 
apparent, as shown in Fig. 98, the stream lines following closely 
the form derived by mathematical analysis for a perfect fluid. 

mV. MODERN SIPHONS 

134. Principle of Operation. — In its simplest form, a siphon is 
merely an inverted U-shaped tube, with one leg longer than the 
other, which is used for emptying tanks from the top when no 
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outlet is available 1>eIow the surface. In use, the tube is filled 
with liquid and the ends corked, or otherwise closed. The short 
end of the tul>c is then placed in the reservoir to be lowered, so 
that the level of the end outside is lower than the surface of the 
reservoir (Fig. 99). \\Tien the ends of the tube are opened, the 
liquid in the reservoir begins to flow through the tube with a head, 
A, equal to the difference in level between the surface of the 
reservoir and the lower, or outer, end of the tube. If the inner 
end of the siphon is placed close to the bottom of the reservoir 




Fig. 99. 

it can Ix* pn\oticaIly emptied in this manner. For emptying 
small tanks a siphon can conveniently be made of a piece of ordi- 
nary tubinc or hose. 

135. Siphon Spillways. — The siphon principle is now being 
applioil on a lanro scale in the oonstnictionof spillways, locks and 
\vh«vl set tines. 

In many oases the eommon overflow spillway requires such a 
civat lenctli for pro^x^r regiilation of the pond or forebay as to 
make its nsi^ undesiraMe. This form of spillway is also ineffi- 
eient Ixwuise of the low head under which it operates. This 
often m;\kes it neeess:\ry to use flashboards and automatic gates 
to ini-rease the head ar.d eonsequenily the velocity of discharge. 
VUc :i\ .-iilaMe he:ui. liowever. is the total head between the water 
Mjii:ut> .Mbo\e a:ui heli^v the o.sni. and this may be utilized by 
IniiKliUt: \\a!er pasx^ires throuch the dam and submerging the 
J*M* n>ire,'un en»i. lV.;is f.^rr.vir.c .s siphon. 

Sm li M'.^ht^n V;>:1 i\\ a> s V.:*«\ e lxx->r. in use in Ital^* for a niunber of 
>e;ii>» I !.ul re»'er.tL\ .: >\;,s suppcxsed that tbey could not be 
us(\! iw «Mlii(i «'«^ur.ivios or aeeoi:r;t of the impossibility of keep- 
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ing them free from ice. The first siphon spillways to be built 
outside of Italy were in Zurich, Switzerland, where for several 
years a number have been in successful operation on streams 
where ice forms for 2 or 3 months every year. 

In designing siphons there are at least two important prin- 
ciples which must be observed.' 

(a) The upper part must be so designed that as soon as the 
water rises above the level to be maintained, the siphon intake 
is sealed and remains sealed imtil the water level is brought down 
again to normal. The oix openings must then be lai^ enough to 
admit suf&cient air to break the aiphonic action immediately. 
Both of these features may be secured by having long and sharp 
B on the intake to the siphon at the normal water level. 




a spillway in use at Seon, Switierland. 

(b) The lower edge of the siphon must be submerged deep 
enough to secure a constant seal. The upper edge of this open- 
ing must also be as sharp as possible to permit of an easy escape 
of the eocloeed air. 

A siphon spillway in use at Seon, Switzerland, is shown in 
Hg. 100. The action of such a siphon is as follows : The pond 
rises until the water seals the upper sharp-edged slots of the in- 
take. As 800D as this happens, the water flowing through the 
uf^on carries the air with it, which escapes around the sharp 
lower edge, and the siphon is primed. The siphon then con- 
timies in full action until the pond level is lowered sufficiently 
to admit air under the upstream edge. 

1 WnTM^a^ Bng. Beeord, May 3, 1913, p. 488. 
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It might be supposed that Biphous could be used only where 
the difiFerence in elevation of the water surfaces waa less than the 
suction head for the siphon, but this condition has been found to 
be not essential. The siphon spillway at Gibswil, Switzerland, 
shown in section in Fig.^lOI, operates under a head of 52.48 ft. 
It consists of a riveted steel pipe 3^ in. thick, tapering from 
31.5 to 23.6 in., this taper being intended to^keep the water 
column from parting under the high head. At, the upper water 
level the pipe is cut on a- horizontal plane and covered by a 
reinforced-concrete hood, projecting 3.28 ft. below normal water 
level, the purpose of this hood being to prevent ice from doggiiig 
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Fia. 101. — High-^iead siphon spiUway u 



le at Gibnrfl, Switieriand. 



the siphon. To prevent the water from being lowered to the 
edge of the hood by siphonic action, long, narrow slots are cut 
through it on three sides at the normal level of the pool, these 
slots closing as the water rises above normal. 

A test of this siphon gave a discharge of 98.9 cu. ft. per second, 
but as the air slots were not all fully closed, it was estimated 
that the maximum discharge would be about 123.6 cu. ft. per 
second. As the end area is 3.03 sq. ft., this would mean a velocity 
of 40.8 ft. per second. The friction head in the siphon itself 
was 10.2 ft., leaving a net effective head of 52.48 — 10.2 - 42.28 
ft. Since the theoretical velocity of flow due to this head is 
I' = 'V2gh = 52.18 ft. per second, the coefficient of diachai^, 
or efficiency, of the siphon is -„ ' „ = 78 per cent. 
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The first siphon spillways to be constructed in this country 
were the three located on the champlain division of the New 
York State Barge Canal. 

At the place shown m Fig. 102 it waa' necessary to provide for 
a maximuin outflow of about 700 cu. ft. per second and to limit 
the fluctuation of water surface to about 1 ft. The ordinary 
waste weir of a capacity sufficient to take care of this flow, with 
a depth of only 1 ft. of water on the crest, would require a spill- 
way 200 ft. long. The siphon spillway measures only 57 ft. 




Fio. 102.— Siphon 

between abutments and accomplishes the same results. This 
particular structure consists of four siphons, each having a 
cross-sectional area of 7% sq. ft. and working under a lOJ^-ft, 
bead. There is also a 20-ft. drift gap to cany off floating debris. 
The main features of construction are shown in Fig. 103. The 
siphon spillway was designed and patented by Mr. George F. 
Stickney, one of the Barge Canal engineers. 

Another instance is furnished by the second hydro-electric 
development of the Tennessee Power Co. on the Ocoee River, 
Tenn., where a spillway consisting of a battery of eight siphons 
has been constructed. The general features of the design are 
shown in Fig. 104. The entrance area is located 5}i ft. below 
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water surface to insure freedom from floating d^brisy and is 
3)^ by 6 ft. in area, protected by ,^s m. screen bars spaced 
4 in. apart on centers. The entrance area gradually diminishes 
in the upper leg to 8 by 1 ft. at the top or throat, the larger dimen- 
sion being horizcmtal. The lower leg is rectangular in cross- 
section and 8 sq. ft. in area throughout, but gradually changes in 
shape to a point 12.8 ft. below the crest, whence its section is 4 
by 2 ft. to the outlet. Four of the siphons operate under a head 
of 27.2 ft., and the other four under a head of 19.2 ft. Hori- 
zontal air inlets 6 by 18 in. in section are provided for each 
siphon unit, extending through the throat casting to the upstream 
face of the dam. 

In a test of these siphons it was found that two of them dis- 
charged 422.8 cu. ft. per second, giving a velocity of flow of 
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Fio. 104. — Siphon spillway constructed at Ocoee River, Tennessee. 

422.8 

rt-TT^ = 26.425 ft. per second. Since the average head acting 

on the siphon during the test was 25.55 ft., the theoretical veloc- 
ity <rf flow is » = V2gA = 40.54 ft. per second. The efficiency 

in this case is therefore "T^^" = 65 per cent. 

136. Siphon Lock. — ^The siphon lock on the New York State 
Barge Canal is located in the City of Oswego, and is the only 
lock of this type in this country and the largest ever built on 
this principle. It consists of two siphons, as shown in Fig. 105 
the crown of each being connected by a 4-in. pipe to an air tank 
in which a partial vacuum is maintained. To start the flow, the 
air valve is opened, the vacuum in the tank drawing the air from 
the siphon and thereby starting the flow. Wlicn the siphon is 
discharging fuUy, its draft is such that the air is sucked out of 
the tank, thus restoring the partial vacuum. To stop the flow, 
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outer air is admitted to the crest of the siphon by another valve, 
thereby breaking the Sow, as indicated in F^. 106. The operat- 




ing power is thus self-renewing, and, except for air ieak^e, lock- 
ages can be conducted by merely manipulating the 4-in. air 
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valves. However, to avoid the necessity of refilling the tank 
when traffic is infrequent, it is customary to dose the 20-in. 
outlet valve, thus holding the water in the tank. Using boUi 
siphons, the lock chamber can be filled in 4}^ to 5 min., and 
emptied in 5)^ to 6 min. 

137. Siphon Wheel Settings. — The Biphon principle has been 
utilized in several instances for waterwheel intakes. Fig. 107 
shows the type of siphonic wheel setting used in the pump house 



r~\ 




at Geneva, Switzerland. The chief advantage of this type is 
that it eliminates the use of headgates, which in design and opera- 
tion are one of the moat difficult details of a hydro-electric 
development. The design and operation of such an intake is 
very similar to that for the siphonic locks at Oswego, described 
above. 

ZXV. FLOW IN OPEN CHANNELS 

138. Open and Closed Conduits. — Conduits for conveying 
water are usually classified as open and closed. By a closed 
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conduit 18 meant one flowing under pressure, as in the case of ordi- 
nary pipe flow discussed in Art. XVII. Water mains, penstocks, 
draft tubes and fire hose are all examples of closed conduits. 

Open channels, or conduits, are those in which the upper sur- 
face of the liquid is exposed to atmospheric pressure only, the 
pressure at any point in the stream depending merely on the 
depth of this point below the free surface. Rivers, canals, 
flumeSy aqueducts and sewers are ordinarily open channels. A 
river or canal, however, may temporarily become a closed channel 
when covered with ice, and an aqueduct or sewer may also be- 
come a closed channel if flowing full under pressure. 

139. Steady Uniform Flow. — The fundamental laws applying 
to flow in open and closed channels are probably identical, and in 
the case of steady, imiform flow the same formulas apply to both. 
For steady flow in an open channel the quantity of water passing 
any transverse section of the stream is constant, and for uniform 
flow the mean velocity is also constant. Under these conditions 
the crossHsectional area of the stream is constant throughout its 
length, and the hydraulic gradient is the slope of the surface of 
the stream. The formula for velocity of flow is then the one 
given in Par. 118 under the name of Chezy's formula, namely 

v = CVre. (93) 

140. Ktttter's Formula. — ^Numerous experiments have been 
made to determine the value of the coefficient C for open channels. 
In 1869, E. Gangiullet and W. R. Kutter, two Swiss engineers, 
made a careful determination of this constant, the result being 
expressed iii the following form: 



iii CK ^ 000281 , 1.811 
41.66 + — ^— + -^ 



Vrs (94) 



in which 

ff s hydraulic gradient, or slope of channel; 

, J •. ,. area of flow 

r = hydraulic radius = — ttj • ~t~ J 

•^ wetted penmeter 

n » coeflicient of roughness. 

The coefficient of roughness, n, depends on the nature of the 
channel lining. Approximate values of n for various surfaces are 
given in the following table: 
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Nature of Channel Lining 



Planed timber carefully joined, glazed or enameled surfaces 0.009 

Smooth clean cement 0.010 

Cement mortar, one-third sand 0.011 

Unplaned timber or good new brickwork 0.012 

Smooth stonework, vitrified sewer pipe and ordinary brickwork .... 0.013 

Rough ashlar and good rubble masonry 0.017 

Firm gravel 0.020 

Ordinary earth 0. 025 

Earth with stones, weeds, etc ;0.030 

Earth or gravel in bad condition 0.035 



141. Limitations to Kutter's Formula. — Kutter's formula, Eq. 
(94), is widely used and is reliable when applied to steady, uni- 
form flow under normal conditions. From a study of the data 
on which this formula is based, its use has been found to be sub- 
ject to the following Umitations: 

It is not reliable for hydrauUc radii greater than 10 ft., or veloci- 
ties greater than 10 ft. per second, or slopes flatter than 1 in 
10,000. Within these limits a variation of about 5 per cent, may 
be expected between actual results and those computed from the 
formula. 

Table 15 gives numerical values of the coefficient C calculated 
from Eq. (94). 

142. Bazin's Formula. — In 1897, H. Bazin also made a careful 
determination of the coefficient C from all the experimental data 
then available, as the result of which he proposed the following 
formula: 

87 

0.552 + -^ 

vr 

where r = hydraulic radius; 

7n = coefficient of roughness. 

Bazin's formula has the advantage of being simpler than 
Kutter's, and is independent of the slope s. Values of the coeffi- 
cient of roughness, w, for use with this formula are given in the 
following tabic: 



v = 



Vrs (W) 



Nature of Channel Lining 

Planed timber or smooth cement 

Unplaned timber, well-laid brick or concrete. . . . 
Ashlar, good nibble masonry or poor brickwork 

Earth in good condition 

Earth in ordinary condition 

Earth in bad condition 



m 



0.06 
0.16 
0.46 
0.85 
1.30 
1.75 
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Table 14 ^ves numerical values of the coefficient C calculated 
from Eq. (95). 

143. Ktttter's Sinqilified Formula. — A simplified form of Kut- 
ter's formula which is also widely used is the following: 

"where b is a coefficient of roughness which varies from 0.12 to 
2.44. For ordinary sewer work the value of this coefficient may 
be assumed as b = 0.35. 

XXVI. CHANNEL CROSS-SECTION 

144. Condition for Maximum Discharge. — From the Chezy 
formula for flow in open channels, namely, 

Q = Av = AC\/rSy 

it is evident that for a given stream section A and given slope Sj 
the maximum discharge will be obtained for that form of cross- 
section for which the hydraulic radius r is a maximum. Since 

— _ ftrea o f flow 
"" wetted perimeter 

this condition means that for constant area the radius r, and 
therefore the discharge, is a maximum when the wetted perimeter 
is a minimum. The reason for this is simply that by making the 
area of contact between channel Uning and water as small as 
possible, the frictional resistance is reduced to a minimum, thus 
giving the maximum discharge. 

146. Maximum Hydraulic Efficiency. — ^In consequence of this, 
it follows that the maximum hydraulic efficiency is obtained 
from a semicircular cross-section, since for a given area its wetted 
perimeter is less than for any other form (Fig. 108). For rec- 
tangular sections the half square has the least perimeter for a 
given area, and consequently is most efficient (Fig. 109). Simi- 
larly, for a trapezoidal section the half hexagon is the most effi- 
cient (Fig. 110). In each case the hydrauhc radius is half the 
water depth, as proved below. 

In the case of unUned open channels it is necessary to use the 
trapezoidal section, the slope of the sides being determined by 
the nature of the soil forming the sides. This angle having been 



124 



ELEMENTS OF HYDRAULICS 



determined^ the best proportions for the section are obtained by 
making the sides and bottom of the channel tangent to a semi- 
circle drawn with center in the water surface (Fig. 111). 

146. Regular Circumscribed Polygon. — ^Any section which 
forms half of a regular polygon of an even number of sides, and 
has each of its faces tangent to a semicircle having its center in 




-2R — 






i^ — JL 






Semicircle 
Fig. 108. 



4i2 tan 30 



Half Square 
Fio. 109. 




'2i2 tan SO*" 
Half Hexagon 

FiQ. 110. 



Trapezoid 
FiQ. 111. 
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Half Octagon 
Fia. 112. 



Triangle 
FiQ. 113. 



the wator surface, will have its hydraulic radius equal to half the 
radius of this inscribed circle (Figs. 108-113). To prove this, 
draw radii from the center of the inscribed circle to each angle of 
the ]H)lyjj:on. Then since the area of each of the triangles so 
formed is equal to om^half its base times its altitude, and since 
tlie altitude in each case is a radius of the inscribed circle, the 
♦' ' * is 

Area = .^ X perimeter. 
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Consequently the hydraulic radius r is 



r = 



area of flow 



-^ X perimeter 



wetted perimeter perimeter 



— • 
2 



147. Properties of Circular and Oval Sections. — For circular 
and oval cross-sections, the maximum velocity and maximum dis- 
charge are obtained when the conduit 
is flowing partly full, as apparent from 
the table on page 125, which is a 
coUection of the most important data 
for circular and oval sections,^ as shown 
in Figs. 114 and 115. 
Theoretically, the maximum discharge 
for a circular pipe occurs when the pipe 
is filled to a depth of 0.949Z), but if 
it is attempted to maintain flow at this 
depth, the waves formed in the pipe 
strike against the top, filling it at periodic intervals and thus 
producing impact losses. To obtain the maximum discharge 
without danger ^f impact, the actual depth of flow should not 
exceed ^D, 

*- R—^ — i^^ 




Circular Section 
FiQ. 114. 




I Standard Ova] Section 
Fig. 116. 



XXVU. FLOW IN NATURAL CHANNELS 

148. Stream Gaging. — ^In the case of a stream flowing in a 
natural channel the conditions determining the flow are so vari- 

» Wbyrauch, **Hydrauliches Rechnen," S. 51. 



piable that no formula for computing the discharge has been de- 
"vised that can claim to give results even approxiraately correct. 
Xo obtain accurate results, direct measurements of cross-aections 
and velocities must be made in the field. 

The two methods of direct measurement in general use are as 
follows: Either 




1. The construction of a weir across the stream, and the cal- 
lation of the discharge from a weir formula; or, if this is not 

'' fcaaible, 

2. The measurement of cross^-sections of the stream by means 
of soundings taken at intervals, and the determination of average 

I Yclocities by a current meter or floats. 
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The first of these methods is ripisined m Ait. JLLL 
148* Current Meter Measurenimtib. — The cm ifiil 
type of which is shown in Fig. 116, consists niwgntiilty ef a boekci 
wheel with a heavy wei^t suspended from it to keep Us sois 
horixontaly and a vane to keep it directed ggsmst the cur- 
rent, together with some form of counter to indiratr llie speed 
at which the wheel revolves. The meter is first mted by towing 
it through still water at various known vdocities and tabofaUing 
the corresponding wheel speeds. From these resohs a tahk, or 
chart, is constructed giving the vdocity of the c mient eofie- 
sponding to any ^ven speed of the whed as indiciited by the 
counter. This method of calibration, however, is more or less 
inaccurate, as apparent from Du Buat's paradox, explained in 
Par. 159. 

100. Float Measurements. — ^When floats are used to determine 
the velocity, a uniform stretch of the stream is selected, and two 

Water Surface 




FlQ. 117. 

cross-Hcctions chosen at a known distance apart. Floats are 
then put into the stream above the upper section and their 
times of transit from one section to the other observed by means 
of a stop watch. A subsurface float is conmionly used, so ar- 
ranged that it can be run at ^ny desired depth, its position being 
located by means of a small surface float attached to it. 

If the crosi^section of the stream is fairly imiform, rod floats 
may be used. These consist of hollow tubes, so wdghted as to 
float upright and extend nearly to the bottom. The velocity 
of the float may then be assumed to be equal to the mean velocity 
of the vertical strip through which it runs. 

161. Variation of Velocity with Depth. — ^The results of such 
measurements show, in general, that the velocity of a stream is 
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ereatest midvay betweai tlie buiks and jim hts^eaah. the sQifaoe. 
In particular, the nlodues si d iff a wi T derail? ti^cof Ai:r -rerucal 
are found to Twy as the onfiiaus to x ptnisAx. tbr uds of the 
parabc4a being rotieal and hs Tvrus jua bomth the suif see. as 
indicated in Rg. 117. From this rdauon it ftdloTS ihsi if a 
float is adjusted to nm at about 0.6 of the d«pifa in any rertical 
strip, it win move vith approximudy tbe i,\crsft TVJixilr ct aH 
the particleB in the Tcrtieal stzip throu^ vMch it nios. 

162. Calculation of Dia chii ]ge. — In order to caltulate the dis- 
charge it is neceaaiy to measoic the ares of a cross-se^OD as 
well as the avoap vdoalies at raiious pants tA this section. 
The total cron-sectim is thenf(»e subdivided into parts, say 
At, At, At, etc. (Rg. 118), the aiea of eaeh being detennined by 
measuring the ordinatcs by means of soundings. The average 




yelo<uty for each division is then measured by one of the methods 
expluned above, and finally the discharge is computed from the 
relation 

Q = Aici + A^t + AiVt + 

IXVllL THE FITOT TUBE 

163. Descf^ition of Instrtunent — .\n important device for 
meastiring the vdodty of flow is the instrument known i\s the 
Pitol fube. In 1732 Rtot obserA-ed that if a small vortical tubo, 
open at both ends, with one end bent at a right angle, was dippe<I 
in a current so that the horizontal arm was directed ngitint^t tlu< 
current as indicated in Fig. 119il, the liquid rises in the vcrlicitl 
arm to a he^t proportional to the velocity head. 1'lie hin^lu 
(tf the column sustained in this way, or hydrostatic lie:ii1, is nut 
exactly equal to the velocity head on account of tlu< tlisi in'1>uii(-i' 
created by the presence of the tube. No matter how snuiU llu> 
tube may be^ its dimensions are never negligible, nm] its pri'sencc 
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has the effect of causing the filaments of liquid, or stream lines, 
to curve around it, thereby considerably modifying the pressure. 
Since the column of liquid in the tube is sustained by the impact 
of the current, this arrangement is called an impact tube. 

If a straight vertical tube is submerged, or a bent tube having 
its horizontal arm directed transversely, that is, perpendicularly, 
to the current, the presence of the tube causes the stream lines to 
turn their concavity toward the orifice, thereby producing a suc- 
tion which is made apparent by a lowering of the water level in 
this tube, as shown in Fig. 1195. In the case of the bent tube, if 



ImiMtct 
Tube 



Suction or 

Preseure 

Tube 



TraUins 
Tube 




Direction of Flow 

Fig. 119. 



the horizontal arm is directed with the current, as shown in Fig. 
119C, the effect is not so pronounced as when the tube is turned 
at right angles to the current, as for ordinary velocities the suc- 
tion effect due to viscosity predominates over that due to change 
in energy. When the horizontal arm of a bent tube is directed 
with the current, the arrangement is called a suction or trailing 
tube. 

It is practically impossible, however, to obtain satisfactory 
numerical results with this simple type of Pitot tube, as in the 
case of flow in open channels the free surface of the liquid is 
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usually disturbed by waves and ripplea and other variations in 
level, which are often of the same order of magnitude as the quan- 
tities to be measured ; while in the case of pipe flow under pressure 
there are other conditions which strongly affect the result, as will 
appear in what follows. 

164. Darcy*s Modlflcatioii of Pitot'a Tube.— In 1850 Darcy 
modified the Pitot tube so as to adapt it to general current 
measurements. This modification consisted in combining two 
Pitot tubes, as shown in Fig. 120, the 
orifice of the impact tube being directed /Jf 

upstream, and the orifice of the suction 
tube transverse to the current. In some 
forms of this apparatus, the suction tube 
is of the traihng type, that is, the hori- 
zontal arm is turned directly downstream. 

To make the readings more accurate, 
the difference in elevation of the water 
in the two tubes is magnified by means 
of a differential gage, as shown in Fig. 
120. Here A denotes the impact tube 
and B the suction tube (often called the 
pressure tube), connected with the tubes 
C and D, between wfiich is a graduated 
scale. After placing the apparatus in 
the stream to be gaged, the air in both 
tubes is equally rarified by suction at F, 
thereby causing the water level in both 
to rise proportional amounts. The valve 
at F is then closed, also the valve at E, 
and the apparatus is lifted from the water 
and the reading on the scale taken. 

It was assumed by Pitot and Darcy that the difference in level 
in the tubes was proportional to the velocity head k-, where v 

iff 

denotes the velocity of the current. CalUng hi and A, the dif- ' 
ferences in level, that is, the elevation or depression of the water 
in the impact and suction tubes respectively, and m\, mi the con- 
stants ctf proportionality, we have therefore 



J 



K]s 



Fig. 120. 



miA| = i 



= ntthv 
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m 

If, then, h denotes the difference in elevation in the two tubes 
(Fig. 120), we have 

The velocity v is therefore given in terms of h by the equation 

V = mV^ (97) 

where 



4 



m- ■ "•'"** 



Wll + fUt 



The coefficient m depends, like mi and mt, on the form and dimen- 
sions of the apparatus, and when properly determined is a con- 
stant for each instrument, provided that the conditions under 
which the instrument is used are the same as those for which m 
was determined. 
The value of m in this formula has been found to vary from 1 

to as low as 0.7; the value m = 1 corresponding to A = s"* *^^ 

the value m = 0.7 to A = — . The explanation of this apparent 

If 

discrepancy is given below under the theory of the impact tube. 
In the case of variable velocity of flow it has been shown by 
Rateau^ that the Pitot, or Darcy, tube measures not the mean 
velocity but the mean of the squares of the velocities at the point 
where it is placed during the experiment. To obtain the mean 

velocity it is necessary to multiply «- by a coefficient which 

varies according to the rate of change of the velocity with respect 
to the time. From Rateau's experiments this coefficient was 
found to vary from 1.012 to 1.37, having a mean value of 1.15. 
This corresponds to a mean value for m of 0.93. 

166. Pitometer. — A recent modification of the Pitot tube is an 
instrument called the Pitometer (Fig. 121). The mouthpiece of 
this apparatus consists of two small orifices pointing in oppo- 
site directions and each provided with a cutwater, as shown in the 
figure. When in use, these are set in line parallel to the current, 
so that one points directly against the current and the other with 
it. The differential gage used with this instnunent consists of a 
U-tube, one arm of which is connected with one mouthpiece and 
the other arm with the other mouthpiece, and which is about 

^ Annales des Mines, Mars, 1898. 
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half filled with a mixture of gasoline and carbon tetrachloride, 
colored dark red. The formula for velocity as measured by this 
instrument is given in the form 

V = k[2g(8 - l)d]» 




where ib = empirical constant = 0.84 for the instrument as 
manufactured and calibrated; 
a = specific weight of the tetrachloride mixture = 1.25; 
d E> difference in elevation in feet between the tops ol the 
two columns of tetrachloride. 

InsertLDg these numerical values, the formula reduces to 



ft. per second can be 



It is claimed that velocities as low as 3 
measured with this instrument. 
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166. Pilot Recorders.— The Pitot meter is used in power 
houses, pumping stations and other places where a Venturi tube 
cannot be installed, and is invaluable as a water-works instrument 
to determine the pipe flow in any pipe of the system. 




ind meter Co, j 



A recent portable type, especially adapted to this purpose is 
shown in Fig- 122. This instrument is 34 in. high, weighs 75 lb., 
and furnishes charts of the Bristol type which are averaged with 
a special planimeter furnished with the instrument, A l-in. 
tap in the water main is required for inserting the Pitot 
mouthpiece. 
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It is claimed that these instruments have a range from 3^ ft. 
per second to any desired maximum. 

167. Theory of the Impact Tube. — The wide variation in the 
range of coefficients recommende'd by hydraulic engineers for use 
with the Pitot tube can be accounted for only on the ground 
of a faulty understanding of the hydrauUc principles on which 
its action is based. The most important of these are indicated 
below, without presuming to be a complete exposition of its 
action. 

It will be shown in Par. 162 that the force produced by the 
impact of a jet on a flat plate is twice as great as that due to the 
hydrostatic head causing the flow. That is to say, if the theo- 
retical velocity of a jet is that due to a head /i, where 

2flf 

the force exerted on a fixed plate by the impact of this jet is 
equal to that due to a hydrostatic head of h' = 2/i, in which case 



'"^-^Q-'i 



<2g/ g 

The orifice in a Pitot tube is essentially a flat plate subjected to 
the impact of the current. Considering only the impact effect, 
therefore, the head which it is theoretically possible to attain in a 
Pitot tube is 



v^ 



g 

which corresponds to a value of m of 0.7 in the formula 

v = m y/2gh' 

There are other considerations, however, which often modify 
this result considerably. The effect of immersing a circular 
plate in a uniform parallel current has been fully analyzed theo- 
retically and the results confirmed experimentally. The results 
of such an analysis made by Professor Prasil, as presented in a 
paper by Mr. N. W. Akimoff,^ are shown in Fig. 123. The 
diagram here shown represents a vertical section of a current 
flowing vertically downward against a horizontal circular plate. 

The stream lines S, shown by the full lines in the figure, are 
curves of the third degree, possessing the property that the vol- 
umes of the cylinders inscribed in the surface of revolution gen- 

* Jour, Atner, Water Works Assoc., May, 1914. 
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erated by each stream line are equal. For instanoe, the Tolume 
of the circular cylinder shown in section by AA'BB' is equal to 
that of the cylinder CC'DD', etc. It may also be noted that the 
size of the plate does not affect the general shape or propotiee 
of the curves shown in the diagram. 

The surfaces of equal velocity are eUipsoids of revolution hav- 
ing the center of the plate as center, and are shown in section 
in the figure by the ellipses marked EV. In general, each of 




Fia. 123. 

these ellipses intersects any stream Une in two points, such as 
F and G. Ther^ore somewhere between F and G there must be 
a point of minimum velocity, this being obviously the point of 
contact of the corresponding ellipse with the stream line. The 
locus of these points of minimum velocity is a straight line OH 
in section, inclined to the plate at an angle of approximately 20°. 
The surface of minimum velocity is therefore a cone of revolution 
with center at 0, of which OH is an element. 
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The surfaces of equal pressure are also ellipsoids of revolution 
with common center below 0, and are shown in section by the 
ellipses marked PP in the figure. The surface of maximum pres- 
sure is a hyperboloid of revolution of one sheet, shown in section 
by the hyperbola YOY. 

It should be especially noted that the cone of minimiun veloc- 
ity is distinct from the hyperboloid of maximum pressure so that 
in this case minimum velocity does not necessarily imply maxi- 
mum pressure, as might be assumed from a careless appUcation 
of Bernoulli's theorem. 

This analysis shows the reason for the wide variation in the 
results obtained by different experimenters with the Pitot tube, 
and makes it plain that they will continue to differ until the 
hydraulic principles underlying the action of the impact tube 
are generally recognized and tsJcen into account. 

158. Construction and Calibration of Pitot Tubes. — The im- 
pact end of a Pitot tube is usuaUy drawn to a fine point with a 
very small orifice, whereas the vertical arm is given a much larger 
diameter in order to avoid the effect of capillarity. The tubes 
used by Darcy had an orifice about 0.06 in. in diameter which was 
enlarged in the vertical arm to an inside diameter of about 0.4 
in. In his well-known experiments for determining the velocity of 
fire streams (Par. 123), Freeman used for the mouthpiece of his 
impact tube the tip of a stylographic pen, having an aperture 
0.006 in. in diameter. With this apparatus and for the high 
velocities used in the tests, the head was found to be almost ex- 

actly equal to ^ corresponding to a value of m = 1.0 in the 

formula v « m\/2gh. 

It is also important that the impact arm should be long enough 
so that its orifice is clear of the standing wave produced by the 
current flowing against the vertical arm. The cutwater used 
with some forms of apparatus (see Fig. 121) is intended to eUmi- 
nate this effect but it is doubtful just how far it accompUshes its 
purpose. 

The most prolific source of error in Pitot-tube measurements 
is in the calibration of the apparatus. The fundamental prin- 
ciple of calibration is that the tube must be caUbrated under the 
same conditions as those for which it is to be used. Thus it has 
been shown in Art. XVII that flow below the critical velocity fol- 
lows an entirdy different law from that above this velocity. 
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Flow in a pipe under pressure is also essentially different from 
flow in an open channel. 

169. Du Buat's Paradox. — Furthermore, the method of calibra- 
tion is of especial importance. This is apparent from the well- 
known hydraulic principle known as Du Bttal's paradox. By ex- 
periment Du Buat has proved that the resistance, or pressure, 
offered by a body moving with a velocity v through a stationary 
liquid is quite different from that due to the liquid flowing with 
the same velocity v past a stationary object. The pressure of 
the moving liquid on the stationary object was found by him to 
be greater than the resistance experienced by the moving object 
in a stationary liquid in the ratio of 13 to 10. All methods of 
calibration wliicb depend on towing the instrument through a 
liquid at rest therefore necessarily lead to erroneous and mis- 
leading results. 

Since the Pitot tube is so widely used for measuring velocity 
of flow, its construction and calibration should be standardized, 
so that results obtained by different experimenters may be subject 
to comparison, and utilized for a more accurate and scientiSc 
construction of the instrument. 

XXIX. NOK-UNIFORH FLOW; BACKWATER 

160. Surface Elevation. — ^The case of most practical impor- 
tance is that in which the level of a stream is to be raised by means 
of a dam or weir, and it is required to determine the new surface 
elevation at any given distance back of the dam or weir. As the 
mathematical solution of the problem is somewhat complicated, 
the method commonly followed in practice is to obtain the hy- 
draulic gradient by a series of approximations. Thus having 
given the discharge and the dimensions of the channel cross- 
section, the velocity of flow, v, and the hydraulic radius, r, become 
known. Then assuming a value for the hydraulic gradient, s, 
the value of C is computed from Chesy's formula 

' = CVrs, 

formula 
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and the two values compared. If these values are not equal, a 

new value of 8 is assumed and the process repeated until both 

formulas give the same value of C The corresponding value of 

s is then taken to be the correct hydraulic gradient, from which 

the actual elevation of the water surface at any point may be 

computed if the slope of the bed of the stream is known. 

The hydraulic gradient, «, may also be computed directly Irom 

a formula of the exponential type such as that of Williams and 

Hazen, namely. 

V = CrO«V "0.001 - ^^* 

provided the engineer's experience warrants him in assuming a 
value for C. As the channel of an ordinary stream varies con- 
siderably, giving rise to non-uniform flow, an exact solution of 
the problem is impossible and the assumption of C is usually 
accurate enough to satisfy all practical considerations. 



APPLICATIONS 

61. A device used by Prony for measuring discharge consists 
of a fixed tank A (Fig. 124) containing water, in which floats a 
cylinder C which carries a second 

tank B. Water flows through the 

opening D from A into B. Show CAB 

that the head on the opening D, and 
consequently the velocity of flow 
through this opening, remains con- 
stant (Wittenbauer). 

62. A cylindrical tank of 6-ft. in- 
side diameter and 10 ft. high con- 
tains 8 ft. of water. An orifice 2 in. 
in diameter is opened in the botton), 
and it is found that the water level 

is lowered 21 in. in 3 min. Calculate the coefficient of discharge. 

63. Water flows through a circular sharp-edged orifice \i in. 
in diameter in the side of a tank, the head on the center of the 
opening being 6 ft. A ring slightly larger than the jet is held so 
that the jet passes through it, and it is then found that the center 
of the ring is 8.23 ft. distant from the orifice horizontally, and 3 ft. 
below it. In 5 min. the weight of water discharged is 301 lb. 
Calculate the coefficients of velocity, contraction and discharge 
for this orifice. 
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Note. — This is an interesting method of determining the 
coefficients by experiment but is not very accurate. 

If the velocity of the jet at exit is denoted by v, its abscissa x 
after t sec. ^ill be approximately 

and the ordinate of the same point, considering the water as a 
freely falling body, will be 

Eliminating t between these two relations, the equation of the 
path followed by the jet is found to be 

z = — — f 
9 

which represents a parabola with axis vertical and vertex at the 
orifice. Having found the actual velocity v from this equation, 
the velocity coefficient b obtained from the relation 

The efflux coefficient K is then calculated from the measured dis- 
charge Q from the relation 

Q = KAv, 

and the contraction coefficient from 

64. Find the velocity with which water will flow through a 
hole in a steam boiler shell at a point 2 ft. below the surface of the 
wator when the steam pressure gage indicates 70 lb. per square 

iiu'h. 

66. A rosorvoir having a sujK^rficial area of 0.5 sq. mile has an 
v>iuUm iluvuiiih a nvtangiilar notch weir 8 ft. long. If the head 
vMi \\w v'lrst who'.i the weir is o{>oned is 2.5 ft., how long wiU it 

; ikr tv» K^w^^'. \\w !o\ol of the n^sorvoir 1 ft.? 

[>('' \ u V I vi IV '\ :v h woir VI ft. long has a head of 16 in. of 
w . V-. ri.o V A^ss-soononal area of the approach 

-/ • >; ': V ..\'::'..i:o :b.o tiow. 
:». \ . ' u. :^ :: !o:is: has its crest 3 ft. above the 

. I .: ':\o iioad on the crest is 18 in. Com- 



; I V K 



« = 
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68. A lock chamber 500 ft. long and 110 ft. wide is emptied 
through a submerged opening 6 ft. long by 3 ft. high, having a 
coefficient of discharge of 0.58. If the depth of water on the 
center of the opening is initially 30 ft. on the inside and 8 ft. on 
the outside, find how long it will take to lower the water in the 
lock to the outside level. 

69. A hemisphere filled with water has a small orifice of area A 
at its lowest point. Calculate the time required for it to empty. 

Note. — If x denotes the depth of water at any instant, the 
area X of the water surface is X = ir(2ra; — x*), where r denotes 
the radius of the hemisphere. The time required to empty the 
hemisphere is therefore 

1 r^Xdx ^ 14 TT^ 
'^^V2gJo V5 15 KAV2g 

60. A tank 10 ft. square and 12 ft. deep is filled with water. A 
sharp-edged circular orifice 3 in. in diameter is then opened in the 
bottom. How long will it take to empty the tank through this 
opening? 

61. Compute the discharge through a Borda mouthpiece 1.5 
in. in diameter under a head of 12 ft., and determine the loss of 
head in feet. 

62. Compute the discharge through a reentrant short tube 2 
in. in diameter under a head of 20 ft., and determine the loss of 
head in feet. 

63. Compute the discharge through a standard short tube of 
1.75 in. inside diameter under a head of 6 ft., and also find the 
negative pressure head at the most contracted section of the vein. 

64. Find the dbcharge in gallons per minute through a 1.5-in. 
smooth fire nozzle attached to a 2.5-in. play pipe under a pres- 
sure at base of nozzle of 90 lb. per square inch. 

66. Water flows through a 6-in. horizontal pipe at 200 ft. per 
minute imder a pressure of 30 lb. per square inch. If the pipe 
gradually tapers to 4 in. diameter, find the pressure at this point. 

66. A 12-in. horizontal pipe gradually tapers to a diameter of 
6 in. If the flow is 50,000 gal. per hour, calculate the difference 
in pressure at two sections having these diameters. 

67. A Venturi meter in an 18-in. main tapers to 6 in. at the 
throat, and the difference in pressure in main and throat is 
equivalent to 11 in. of mercury. Find the discharge in gallons 
per minute. 
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68. The Ashokan Venturi meter on the line of the Catskill 
Aqueduct is 7 ft. 9 in. inside diameter at the throat, the diameter 
of the main being 17 ft. 6 in. (see Fig. 75). Find the difference 
in pressure between main and throat for the estimated daily 
flow of 500,000,000 gal. 

69. The velocity of flow in a water main 4 ft. in diameter is 3.5 
ft. per second. Assuming the coefficient of friction to be 0.0216, 
find the frictional head lost in feet per mile. 

70. Two cylindrical tanks each 8 ft. in diameter are connected 
near the bottom by a 2-in. horizontal pipe 25 ft. long. If the 
water level in one tank is initially 12 ft. and in the other 3 ft. 
above the center line of the pipe, find how long it will take for the 
water to reach the same level in both tanks. 

71. Find the frictional head lost in a pipe 2 ft. in diameter and 
5 miles long which discharges 200,000 gal. per hour, assuming the 
coefficient of friction to be 0.024. 

72. Find the required diameter for a cast-iron pipe 10 miles 
long to discharge 60,000 gal. per hour under a head of 200 ft. 

73. A house service pipe is required to supply 4,000 gal. per 
hour through a 1.5-in. pipe and a 1-in. tap. The total length of 
the service pipe is 74 ft., including the tap which is 1.5 ft. long. 
Find the total pressure required in the main. 

Solution. — In the solution of water-supply problems of this 
type, it is recommended by W. P. Gerhard^ that the following 
formulas be used. 



(l\ v^ 



v^ 



29 

Head lost at entrance, hi = 0.62 ^ , 

^9 

Head lost at stopcock = 3^2 head lost in tap; 
Head lost in pipe by Prony's formula, 

G = [(^-'2'^] "(1.20032) 

where, in this last formula, 

d = diameter of pipe in inches, 
H = head in feet, 
L = length in yards, 
G = discharge in U. S. gallons per minute. 

^ Discharge of Water through Street Taps and House Service Pipes/* 
Cassier's Mag.j November, 1905. 
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Using these formulas we obtain in the present case the following 
numerical results: 

Pressure lost in tap = 2.24 lb. per square inch. 

Pressure lost at stopcock = 1.12 lb. per square inch. 

Pressure lost at entrance = 3.08 lb. per square inch. 

Pressure lost in 72.5 ft. of 1-in. pipe = 17.53 lb. per square inch. 
Total pressure required in main = 23.97 lb. per square inch. 

74. A building is to be supplied with 2,500 gal. of water per 
hour through 180 ft. of service pipe at a pressure at the building 
line of 15 lb. per square inch. The pressure in the main is 35 lb. 
per square inch. Find the required size of service pipes and 
taps. 

SoliUion. — The total drop in pressure in this case is 20 lb. per 
square inch. Therefore, using the formulas given in the pre- 
ceding problem and assuming different sizes of service pipes, the 
results are as follows: 

One 1.25-in. full-size pipe 180 ft. long discharges, 1,715 gal. per 
hour. 

Two 1-in. full-size pipes discharge together, 1,920 gal. per hour. 

Two 1.25-in. pipes with %-in. taps discharge together 2,880 
gal. per hour. 

One 1.5-in. pipe with 1-in. tap discharges 2,519 gal. per hour. 

The last has sufficient capacity and is cheapest to install, and 
is therefore the one to be chosen. 

76. A pipe 1 ft. in diameter connects two reservoirs 3 miles 
apart and has a slope of 1 per cent. Assuming the coefficient 
of friction as 0.024, find the discharge and the slope of the hydrau- 
lic gradient when the water stands 30 ft. above the inlet end and 
10 ft. above the outlet end. 

76. Two reservoirs 5 miles apart are connected by a pipe line 
1 ft. in diameter, the difference in water level of the two reservoirs 
being 40 ft. Assuming the value of Chezy^s constant in feet 
and second units to be 125, find the discharge in gallons per hour. 

77. A 12-in. main 5,000 ft. long divides into three other mains, 
one 6 in. in diameter and 6,000 ft. long, one 10 in. in diameter and 
7,000 ft. long, and one 8 in. in diameter and 4,000 ft. long. The 
total statio head lost in each line between reservoir and outlet is 
the same and equal to 100 ft. Find the discharge in gallons per 
24 hr. at each of the three outlets. 



144 



ELEMENTS OF HYDRAUUC8 



Solution. — ^Tbe bead loet in fnetitm. in the length I is 
therdation 



by 



I\f* 



^-ms. 



and the dischaige by 



2g 






Eliminating r between these relations, we have 



whence 






Assuming/ = 0.02 and I = 1,000 ft., the discharge Q for pipes of 
various sizes in terms of the head lost per 1,000 ft. is given by 

the following relations: 



Diameter of pipe in 


Discharge in gal. per 24 hours in terms of head 


inches 


lost per 1000 ft. 


4 


Q = 58,430VAi 


6 


» 161,000VAi 


8 


« 330,500VAi 


10 


= 677,500V*i 


12 


» 911,00(K/Af 


16 


« l,870,000VAi 


20 


= 3,266,000VAi 


24 


= 5, 147,000 VAi 


30 


« 9,002,000VAi 


36 


" 14,200,000VAi 


48 


= 29,150,000VAi 


56 


» 42,850,000VAi 


60 


» 50,920,000 x/Ai 


66 


= 64,600,000 x/A, 


72 


= 80,320,000V*i 



In the present case let the flow in gallons per 24 hr. be denoted 
by Q with a subscript indicating the size of pipe. Then 

Qn = Qe + Qg + Qio. 

Also if h with the proper subscript denotes the head lost in eaoh 
pipe per 1,000 ft., we have from the above relations 

Qi2 = 911,000\/Ai,i 
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Qe = 161,000Vfcii 
Qs = 330,500 VAs, 
Qio = 577,500VAi^ 

and since from the conditions of the problem the head lost in 
each line amoimts to 100 ft., we also have the relations 

5/ii2 + 6fce = 100, 
5fcij + 7fcio = 100, 
5Aij + 4^8 =100. 
From these relations we find 

As = %h%\ hio = 5^A«; hi2 = g- — \ 

and substituting these values in the first equation, the result is 
161,000\/Ai + 330,500V%Ae + 577,500\/^ 



= 911,000 J 



100 - 6/i6 



6 

whence Ae = 7.52 and consequently 

As = 12.28; Aw = 6.446; Ai, = 10.976. 

Substituting these values of A in the formulas for discharge, the 
results are 

Ofl = 444,360 gal. per 24 hr. 

Qg = 1,110,480 gal. per 24 hr. 

Qio = 1,465,700 gal. per 24 hr. 

Qe + Qs + Qio = 3,020,540 gal. per 24 hr. 

The actual calculated value of Qis is 

Qit « 3,015,400 gal. per 24 hr., 

the discrepancy between these results being due to slight inac- 
curacy in extracting the square roots. 

78. A pipe of constant diameter d discharges through a number 
of laterab, each of area A and spaced at equal distances I apart 
ie.g.y street main and house service connections). Find the rela- 
tion betwera the volume of flow in three successive segments of 
the main^ (Fig. 125). 

ij. P. FbobIiL, Jour FranJdtn Inst., 1878. 
10 
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SoliUum. — ^The discharge at A is 

<2i = KAV2^ = ^vi 

where vi denotes the velocity of flow at this point, 
lost in friction in the segment AB is 



and consequently 
where 



'-f&£ 



hi = oQi* 
Sfl 



Also the head 



E 



D 



B 




M N R 



FiQ. 125. 

At B the pressure head \&h + hi and the discharge is 

Qj - Qi = KA y/2q Vh + hi = XA \/2g Vfc+~aQ?. 
Similarly, for the discharge at C and D we obtain the relations 
Qs - Q2 = KA \/2^\/h + a{Qi* + Qt*), 

Q4 - Q3 = KA \/2g\/h + a(Qi» + Qi" + Q«*), 
whence by elimination 

(Q4 - QzY - (Q3 - Q2)» = 6«Q,« 



where 






The general relation is therefore 



FLOW OF WATER 147 

The following geometrical construction may be used for deter- 
mining Qn. Determine an angle ^ such that 

h » tan B 

and lay off Q».i and Qn-s on a straight line so that OM ^ 
Qn-s and ON — Q^\ as shown in Fig. 125. At JJ erect a per- 
pendicular HP to ON, and then lay off NR = MP. Then OR 

= <?•. 

79. A reservoir discharges through a pipe line made up of pipes 
of different sizes, the first section being 4,000 ft. of 24-in. pipe, 
followed by 5,000 ft. of 20-in. pipe, 6,000 ft. of 16-in. pipe and 
7,000 ft. of 12-m. pipe. The outlet is 100 ft. below the level of 
the reservoir. Find the discharge in gallons per 24 hr. 

SoliUion. — Using the same notation as in Problem 77, we have 
in the present case 

4A24 + 5A,o + 6fci« + 7hit = 100. 
Also, since 



the loss in head per 1,000 ft. varies inversely as the fifth power 
of the diameter, and consequently 

hit = (to) hu = 32^84, 
/ii6= (x|)**«*= 7.594A,4, 

Ajo = (sq) hu = 2.488*24. 

Solving these three equations simultaneously with the first one, 
the results are 

hu = 0.36; hto = 0.871; hu = 2.658; Ai, = 11.20. 
As a cbeck on the correctness of these results we have 

4X 0.35 = 1.400 

5 X 0.871 = 4.366 

6 X 2.658 » 15.948 
7X11.20 ■= 78.400 

100.103 
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Alti- 






Date of 


Length 


LeuKth 


Discharge 


tude of 
springa 


Levd 

in 
Rome 
in feet 


Name 


oonstruc- 


in 


in 




atwve 




tion 


feet 


milea 


in cu. ft. 


sea 












in feet 




Aqaa Appia.... 


312 B. C. 


63,950 


10.2 


4,072,500 


98 


65 


Anio VetuB 


272-269 


2D9,00( 


39.6 


9,814,200 


918 


157 


AquaMarcia... 


144-140 


2B9,96( 


66.8 


10,465,800 


1043 


192 


Aqua Tepula... 


125 


S8,20( 


11. 


993,000 


496 


199 


Aqua Julia 


33 


74,98( 


14.2 


2,691,200 


1148 


209 


Aqua Virgo 


19 


67,90( 


12.9 


6,587,700 


79 


65 










874,800 


685 


54 


Aqua Claudia,. - 


3ft-62 A. D 


225,570 


42.7 


7,390,800 


1050 


221 


Anin Novus.. . . 


38-52 A. D 


285,330' 54.0 


10,572,900 


1312 


231 




Old Croton. 



Aquo Claudia. 
Fia. 128. — Comparison ot ancient and modem aqueducts. 

The conrtruction of the earliest aqueducts was the simplest, most of 
them being underground. In the Aqua Appia only 300 ft. were above 
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ground, and in the Anio Veins only 1,100 ft. were above ground. In the 
Aqua Marda 7.5 miles were supported on arches; in the Aqua Claudia 10 
miles were on arches, and in the Anio Novus 9.5 miles were on arches. 
The construction of the last shows the greatest engineering skill, as it fol- 
lows a winding course, at certain points tunnelling through hills and at 
other crossing ravines 300 ft. deep. 

The crossHsection of the channels (apeciM) varied at different points of the 
course, that of the largest, the Anio Novus, being 3 to 4 ft. wide and 9 ft. 
high to the top, which was of pointed shape. The channels were lined with 
hard cement (ojhm signinuw) containing fragments of broken brick. The 
water was so hard that it was necessary to clean out the calcareous deposits 
frequently, and for this purpose shafts or openings were constructed at 
intervals of 240 ft. 

Filtering and settling tanks {pUciruB limarux, or '^ purgatories'') were 
constructed on the line of the aqueduct just outside the city, and within the 
city the aqueducts ended in huge distributing reservoirs (Castdla) from 
which the water was conducted to smaller reservoirs for distribution to the 
various baths and fountains. 

Supposing the population of Rome and suburbs to have then numbered 
one million, there was a daily water supply of nearly 400 gal per capita. 
Modem Rome with a population of half a million has a supply of about 200 
gal. per capita. The volume of water may also be compared with that of the 
Tiber which discharges 342,395,000 gal. per day, whereas in the first cen- 
tury, A.D., the aqueducts carried not less than 392,422,500 gal. per day, 
which by the fourth century had been increased by additional supplies to 
461,628,200 gal. per day. 

Assuming that the Aqua Claudia had an average width of 3 ft. 
with 6 ft. depth of water, and that the grade was uniform and the 
difference in head lost in friction, calculate from the values tabu- 
lated above the velocity of flow and Chezy's constant C in the 

formula v = C^rs. 

91. A channel of trapezoidal section with side slopes of two 
horizontal to one vertical is required to discharge 100 cu. ft. per 
second with a velocity of flow of 3 ft. per second. Assuming 
Chezy's constant as 115, compute the required bottom width of 
channel and its longitudinal slope. 

92. A channel of trapezoidal cross-section has a bottom width 
of 25 ft. and side slopes of 1:1. If the depth of water is 6 ft. 
and the longitudinal inclination of the bed is 1 in 5,000, find the 
discharge, assmning the coefficient of roughness, n, in Kutter's 
formula to be 0.02. 

93. A channel of rectangular section has a bottom width of 
20 ft., depth of water 6 ft. and longitudinal slope of 1 in 1,000. 
Calculate the discharge, assuming the coefficient of roughness, 
n, in Kutter's formula to be 0.01. 
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94. A reservoir A supplies another reservoir B with 400 cu. ft. 
of water per second through a ditch of trapezoidal section, with 
earth banks, 5 miles long. To avoid erosion, the flow in this 
channel must not exceed 2 ft. per second. 

From reservoir B the water fiows to three other resenroits, C, 
D, E. From B to C the channel is to be rectangular in section 
and 4 miles long, constructed of unplaned lumber, with a 10-ft. 
fall and a discharge of 150 cu. ft. per second. 

From B to D the channel is to be 5 miles long, semicircular in 
section and constructed of concrete, with 12-ft. fall and a dis- 
charge of 120 cu. ft. per second. 

From B to E the channel is to be 3 miles long, rectangular in 
section and constructed of rubble masonry, with 15-ft. fall and a 
discharge of 130 cu. ft. per second. 

Find the proper dimensions for each channel section. 
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96. The Sow through a circular pipe when, completely filled is 
25 cu. ft. per second at a velocity of 9 ft. per second. How much 
would it discharge if filled to 0.8 of its depth, and with what 
velocity? 

Solution. — Fig. 129 shows a convenient diagram for solving a 
problem of this kind graphically.' The curve marked u (velocity) 
is plotted from Kutter'g simplified formula 






' Imhoff, "Taschenbuch fQr Kanalisations Ingenieure." 
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for a value of h of 0.35, and the discharge Q from the formula 
Q ^^Avj the ordinates to the curves shown in the figure being the 
ratio of the depth of the stream to the diameter of the pipe, and 
the abscissas the ratios of Q and v respectively to their values 
when the pipe flows full. 

To apply the diagram to the problem imder consideration, 
observe that for a depth of 0.8d the abscissa of the discharge 
curve is unity, and consequently the discharge for this depth is 
the same as when the pipe is completely filled. The abscissa of 
the velocity curve corresponding to this depth 0.8d (i.e., with 
abscissa 0.8) is 1.13, and consequently the velocity at this depth 
is 1.13 X 9 = 10.17 ft. per second. 




Fio. 130. 



Similar diagrams have been prepared by Imhoff for a large 
variety of standard cross-sections and are supplemented by 
other diagrams or charts which greatly simplify ordinary sewer 
calculations. 

96. In the Catskill Aqueduct, which forms part of the water 
supply 83n3tem of the City of New York, there are four distinct 
types of conduit; the cut-and-cover type, grade tunnel, pressure 
tunnel, and steel pipe siphon. The cut-and-cover type, shown in 
section in Fig. 130, is 55 miles in length, and is constructed of 
concrete and covered with an earth embankment. This is the 
least expensive type, and is used wherever the elevation and 
nature of the ground permits. 

The hydraulic data for the standard type in open cut is as 
follows: 
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8 « 0.00021 






Depth of 


Area of 


Wetted 


Hydraulic 




flow 


flow 


perimeter * 


radius 




in feet 


in sq. ft. 


in feet 


in feet 




17.0 


241.0 


67.4 


4.20 


FuU, 


16.2 


237.7 


50.8 


4.67 


Max. cap. 


15.3 


230.9 


47.7 


4.84 




14.0 


217.6 


44.1 


4.92 


k 


12.0 


192.6 


39.4 


4.88 




10.0 


163.2 


35.0 


4.65 




8.0 


130.7 


30.9 


4.24 




6.0 


97.1 


26.8 


3.61 




4.0 


62.2 


22.8 


2.72 




2.0 


27.0 


18.8 


1.47 





In the preliminary calculations the relative value of Chezy's 
coefficient for this type was assumed to be C = 125. Using this 
value, calculate the maximum daily discharge. 

97. Where hills or mountains cross the line of the Aqueduct, 
tunnels are driven through them at the natural elevation of the 
Aqueduct (Fig. 131). There are 24 of these grade tunnels, aggre- 
gating 14 miles. The hydraulic data for the standard type of 
grade tunnel is as follows: 







8 = 0.00037 


1 


Depth of 


Area of 


Wetted 


Hydraulic 




flow 


flow 


perimeter 


radius 




in feet 


in sq. ft. 


in feet 


in feet 




17.0 


198.6 


52.2 


3.80 


FuU, 


16.25 


105.6 


46.0 


4.25 


Max. cap. 


15.3 


188.5 


42.7 


4.41 




14.0 


175.7 


39.3 


4.46 




12.0 


152.4 


35.0 


4.35 




10.0 


126.8 


31.0 


4.10 




8.0 


100.2 


26.9 


3.72 




6.0 


73.8 


22.9 


3.22 




4.0 


47.6 


18.9 


2.51 




2.0 


21.0 


14.9 


1.49 





The relative value of Chezy's coefficient for this type was assumed 
in the preliminary calculations to be C » 120. Using this value, 
calculate the maximum daily discharge and the corresponding 
velocity of flow. 

98. Where the line of the Aqueduct crosses broad and deep 
valleys and there is suitable rock beneath them, circular tunnels 
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are driven deep in the rock and lined with concrete (Fig. 132). 
There are seven of these pressure tunnels, with an aggregate 




length of 17 miles. The hydraulic data for^these pressure tunnels 
are as follows: 



Slope 


Diameter 


Area of 
waterway 


Wetted Hydraulic 
perimeter radius 


0.00059 


14 ft. 6 ia. 


les.l sq. ft. 


45.55 ft. 3.025 ft. 



AsBiuning 'the relative value Chesy's coefficient to be'C =Il20, 
calculate the velocity of flow and the daily discharge. 

99. In__valley8 where the rock is not sound, or where for other 
reasons pressure tunnels are impracticable, steel pipe siphons are 




iKliBi! etjaU-Mit x/win 



used (ng. 133). These are made of steel plates riveted together, 
from J{« to ^ in. in thickness, and are 9 ft. and 11 ft. in diameter 
reepeotively. These pipes are embedded in concrete and covered 
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with an earth embankment, and are lined with 2 in. of cement 
mortar as a protection to the steel and also for the sake of smooth- 
ness. There are 14 of these siphons aggregating 6 miles in length, 
and three pipes are required for the full capacity of the Aqueduct. 
Assuming three mortar-lined 11-ft. pipes, having a relative coeflS- 
cient of C = 120 and a slope s = 0.00059, calculate the velocity 
of flow through them and the maximum daily discharge. 

100. A broad shallow stream has naturally a depth of 3 ft. 
and a longitudinal slope of 5 ft. per mile. If a dam 8 ft. high is 
erected across the stream, determine the rise in level 1 niile up 
stream assuming the value of the constant C in Chezy's formula 
as 75. 
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XXZ. PRESSURE OF JET AGAINST STATIONARY DEFLECTING 

SURFACE 

161. Normal Impact on Plane Surface. — When a jet of water 
strikes a stationary flat plate or plane surface at right angles, 
the water spreads out equaUy in all directions and flows along 
this plane surface, as indicated 
in Fig. 134. The momentum 




of the water after striking the 1 1 1 

surface is equal to the smn of i| | 

the momenta of its separate ^^ ^^ __J^__2__ __j !i' i p 
particles, but since these flow 7iiz£'£zzi^z^-z.-z.z:zz\4<- 

oflF in opposite directions their ^sS^F^^ — ^^x.^ 

algebraic smn is zero. Conse- 
quently the entire momentum 
of a jet is destroyed by normal 
impact against a stationary Fia. 134. 

plane surface. 

To find the pressure, P, exerted by the jet on the surface, let 
A denote the cross section of the jet and v its velocity. Then 
the mass of water flowing per unit of time is 

M = ^^ 
Q 

and, consequently, from the principle of impulse and momentum, 



/ 



Pdt^ Mv -= 



9 



For unifonA or steady flow, P is constant, and if M denotes the 
quantity flowing per unit of time, then t is unity. In this case 
the above expression for the hydrodynamic pressure P of the 
jet on the surface becomes 

7Av2 



P = 



g 



(98) 
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If h denotes the velocity head, then A » „-, and Eq. (98) 

may be written 

P=»27Ah. (99) 

162. Relation of Static to Dynamic Pressure. — ^If the orifice is' 
closed by a cover or stopper, then the hydrostatic pressure P' 
on this cover is approximately equal to the weight of a column 
of water_of height h and cross-section A; and consequently 

F = jrAh^ (100) 

Comparing Eqs. (99) and (100), it is apparent that the normal 
hydrodynamic pressure of a jet on an external plane surface is 
twice as great as the hydrostatic pressure on this surface would 
be if it was shoved up against the opening so as to lentirely close 
the orifice. 

In deriving this relation, the coefficient of efflux is assumed to 
be unity; that is, the area A of the jet is assumed to be the same 
as that of the orifice, and the velocity v to be the full value 
corresponding to the head h. Since the coefficient is actually 
less than unity, the hydrodynamic pressure never attains the 
value given by Eq. (99) . For instance, in the case of flow from 
a standard orifice, if A denotes the area of the orifice and a the 
cross-section of the jet, then from Arts. IX and X 

a = O.J52A, and v = 0.97\/2gA. 
Therefore the expression for P becomes 

p = 1^ = 27(0.62A)(0.972/i) = 1.19yAhi 

instead of 2y Ah, as given by Eq. (99). Note, however, that this 
apparently large discrepancy is due chiefly to the fact that the 
area A in Eq. (99) denotes the cross-section of the jet, whereas 
in Eq. (100) it denotes the area of the orifice. If the area A in 
both expressions denotes the cross-section of the jet, Eq. (99) 
is practically true, and the hydrodynamic pressure is approxi- 
mately twice the hydrostatic pressure on an equal area. 

163. Oblique Impact on Plane Surface. — If a jet strikes a 
stationary plane surface obliquely, at an angle a (Fig. 135), the 
axial velocity v of the jet may be resolved into two components, 
t^ sin a normal to the surface, and v cos a tangential to the surface. 
If the surface is perfectly smooth, the water flowing along the 
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surface experiences no resistance to motion, and the pressurOi 
Py exerted on the surface is that corresponding to the normal 
velocity component t;' = t; sin a. The area to be considered, 
however, is not a right sec- 
tion, A, of the jet, but a sec- 
tion A' normal to the com- 
ponent t; sin a, as indicated 
in Fig. 135. The total pres- 
sure, P, exerted on the siuiace, 
is then 

p ^ 7AV 




or, since t;' = v sin a and A' = 
^ . this may be written in the fonn 



Fig. 135. 



sm a 



P = - — sm a. 
g 



(101) 



If a = 90^, this reduces to Eq. (98). 

164. Axial Impact on Surface oif Revolution. — If the siuface 
on which the jet impinges is a surface of revolution, coaxial with 
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Fig. 136. 

the jet (Fig. 136), then in this case also the particles spread out 
equally in all directions, and consequently the sum of the mo- 
menta of the particles in the direction perpendicular to the axis 
of the jet is zero. The velocity of any particle in a direction 
parallel to the axis of the jet, however, becomes v cos a, where a 
denotes the angle which the final direction taken by the particles 
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and thi( trXal fiiuJ mofDeotam is 



3/r eo6 a = 



-T^** 
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IVrefcce, eqaating the impolse to the chmnge m mooieniumy 

we obtdin the rehukfi 



P = ^^ (1 — COS Oj. 



(102) 



For a jet impinguig nonnally on a plane florfiee, a ^ 90**, and 
this expremon redaces to Eq. (96). 

166. Ccmfiete Rtwentd ol Jet — If a is 
eos a becomes negative^and the pf ea mr e P 



than9(r, tiien 
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ov: > 







Fio. 137. 

increased. For example, if the direction of flow is completely 

reversed, as shown in Fig. 137, then a = 180*, cos a = — 1, 

and hence 

27AV* 



P = 



g 



(103) 



'ilie hydrodynamic preesure in this case is therefore twice as 
f^reat as the normal pressure on a flat surface, and fom: times as 
^rc^at as the hydrostatic pressure on a cover over an orifice of 
the same area as the cross-section of the jet. 

166. Deflection of Jet. — When a jet is deflected in an oblique 
direction, the final velocity v may be resolved into components 
V cos a and v sin a, as indicated in Fig. 138. The component 
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of the final momentum parallel to the initial direction of the jet 
is then 



and the horizontal component, H, exerted in this direction is 



H=^ 



-(I - coso). 



(104) 



Similarly, ^e component of the final momentum perpendicular 
to the initial direction of the jet is 

Mv sin a = ~ — sin a, 




Fio. 138. 
and the vertical component, V, exerted in this direction is 



(106) 



The total pressure of the jet on the deflecting surface, or reaction 
of the surface on the jet, is, then, 



P =- VH*+ V* = "^^^^-Vil - cos o)' + sia» a 
9 



which amplifies into 

p = "^y/iix^cos^f. (106) 

A more convement expression for P piay be obtained by using 
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the trigonometric relation ^ — -^ — - = sin =a, by means of 
which Eq. (106) may be written in the form 

P-^'rin". ■ (107) 

167. DTiuuiiic Pressure in Pipe Beads and Elbows. — When a 
bead or elbow occurs in a pipe through which water is flowing, 
the change in direction of flow produces a thrust in the elbow, as 
in the case of the deflection of a jet by a curved vane, considered 
in the preceding paragraph. From Eqs. (106) and (107), the 
amount of this thrust P is 

P = V2(l - cos a) = -f— ain ^, 



Pia. 139. 

and the direction of the thrust evidently bisects the angle a, as 
indicated in Fig. 139. 

In the case of jointed pipe lines if the angle of deflection is 
large or the velocity of flow considerable, this thrust may be 
sufficient to disjoint the pipe unless provision is made for taking 
up the thrust by some form of anchorage, as, for example, by 
filling in with concrete on the outside of the elbow. 

XXXI. PRESSURE EXERTED BY JET ON HOVIHG VANE 

168. Relative Velocity of Jet and Vane. — In the preceding 
article it was assumed that the surface on which the jet impinged 
was fixed or stationary. The results obtained, however, remain 
valid if the surface moves parallel to the jet in the same or op- 
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posite direction, provided the velocity, v, refers to the reloHve 
velocity between jet and surface. Thus if the surface moves in an 
opposite direction to the jet with a velocity v\ the relative veloc- 
ity of jet aud surface is t; + v' and the pressure is correspondingly 
increased, whereas if they move in the same direction, their rela- 
tive velocity is v— v', and the pressure is diminished. 

189. Work Done on Moving Vane. — Consider, for example, the 
case of a jet striking a deflecting surface and assume first that 
this surface moves in the same direction as the jet with velocity 
v' (Fig. 140). Since the surface, or vane, is in motion^ the mass 
of water, M', reaching the vane per second is not the same as the 
mass of water, Af, passing a given crossHsection of the jet per 
second. That is, the mass, Af, issuing from the jet per second is 

yAv 



M = 



9 
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Fia. 140. 
whereas the mass, Af ', flowing over the vane per second is 

9 
Therefore the components of the force acting on the vane, given 
by Eqs. (104) and (105), become in this case 



H = M'{v - 0(1 - cos a) = '^ " (v - v')'(l - cos a), 1 

yA ^ 
V = M'{v - v') sin a = ^-{v - v'y sin a. 



(108) 



Since the motion of the vane is assumed to be in the direction of 
the component H, the component F, perpendicular to this direc- 
tion, does no work. The total work, TF, done on the vane by 
the jet is therefore 

yfr ^nv' = ^^^'^^ " ^'^ ' (1 - cos a). (109) 
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no. speed at which Work Becomes a Maximum. — ^The con- 
dition that the work done shall be a maximimi is 

^ = = ^ (1 - cos «) [(r - rO' - 2r'(» -v')], 

whence 

y'^}. (110) 

Substituting this value of v' in Eq. (109), the maximiim amount 
of work that can be realized under the given conditions is found 
to be 

7^1 



TF««. = —^ [v - gj (1 - cos a) = -^j— (1 - cos a). 



g \ 3/ ^ ' 27g 

171. Maximum Efficiency for Single Vane. — ^The efficiency of 
a motor or machino is defined in general as 

Effi • = Useful work rill^ 

^ Total energy available 

Sincei in the present case, the total kinetic energy of the jet is 

K.E. . Ij... - f! 
the efficiency, E, becomes 

•^ = -Si^^ =^7(l-cos«). 

2g 

The maximum efficiency occurs when a = 180**, in which case 

E^a. = 27 = ^^-2 P^^ ^^^^ (112) 

172. Maximum Efficiency for Continuous Succession of Vanes. 

— If there is a series of vanes following each other in succession 
so that each receives only a portion of the water, allowing this 
portion to expend its energy completely on this vane before leav- 
ing it, then the mass M' in Eq. (108) is replaced by M, and the 
component H becomes 

H = ilf(t; - v'){l - cos a) = y^'^.^ijO. (1 - cos a). 
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r 

The work done on the series of vanes is therefore 

W = Hv' = y^^(y - ^0 (1 _ cos a). (113) 

The condition for a maximum in this case is - 

^ = =^(1 - coBaMv -t/)- V'], 
whence 

V = |- (114) 

Substituting this value of v' in Eq. (113), the maximum work 

which can be realized from a series of vanes moving parallel to 

the jet is 

yAv* ( ^ v\ 

„ 2 V 2/ ,, , yAv\. . 

Wm^ = (1 - cos c) = -^^-(l - cos a). 

Hence the efficiency in this case is 

■— — (1 — cos a) - 
^ = -^Si?^ = ^(l-cosa). 

The maximum efficiency therefore occurs when a = 180**, its 
value being 

^ma» = ^ (2) = 100 per cent (116) 

The actual efficiency of course can never reach this upper limit, 
as the conditions assumed are ideal, and no account is taken of 
frictional and other losses. 

173. In^iulse Wheel; Direction of Vanes at Entrance and Exit. 
— In general, it is not practicable to arrange a series of vanes so 
as to move continuously in a direction parallel to the jet. As 
usually constructed, the vanes are attached to the circumference 
of a wheel revolving about a fixed axis (Fig. 141). Let (a denote 
the angular velocity of the wheel about its axis, and fi, u the 
radii of the inner and outer edges of the vanes. Then the tan- 
gential or linear velocities at these points, say ui and Us, are 

til = fiO); ti2 = TiQ). 

Now let Vi denote the absolute velocity of the jet at entrance to 
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the vane, and d* its absolute velocity at exit. Then by forming 
a parallelogram of velocities on ui and Vi as sides, tiie relative 
velocity, wi, between jet and vane at entrance is determined, 
as indicated in Fig. 141. Similarly, the paraUdogram on Ut, tfi 
as sides detennines the absolute velocity, Ci, at exit. In order 
that the water may ghde on the vane without shock, the tip 
of the vane at entrance must coincide in direction with the vec- 
tor Wl. 




Fia, 141. 

171. Work Absorbed by Impulse WheeL — ^Let M denote the 
mass of water pasdng over the vane per second. At entrance 
the velocity of this mass in the direction of motion {i.e., its tan- 
gential velocity) is Vi cos a, and at exit is f i cos 0, where a and 
/3 are the angles indicated in Fig. 141. The hnear momentum 
of the mass M at entrance is then Mvi cos a, and its angular 
momentum is MvyVi cos a. Similarly, its linear momentum at 
exit is Mvi cos fi and its angular momentum is MviTt cos fi. The 
total change in angular momentum per second, that is, the 
amoimt given up by the water or imparted to the wheel, is then 
MviTi COS a — MviTt cos 0. 

For a continuous succession of vanes, as in the case of an ordinary 
impulse wheel, the mass M is the total amount of water supplied 
by the jet per second. Hence, if T denotes the total torque ex- 
erted on the wheel, by the principle of angular impulse and 
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momentumi remembering that M is the mass of water flowing 
per unit of time, and consequently that the time is unity, 

T = M(viri cos a — VaTj cos /3). (116) 

The total work imparted to the wheel is 

W = r«, 

or, since M = -> t*i = riw, ut = rjw, the expression for the 



g 



work becomes 

W = To) = - — - (uiVi cos a — U2V2 cos /3). 



g 



(117) 



These relations will be apphed in Art. XXXV to calculating 
the power and efficiency of certain types of impulse wheels. 



XXXn. REACTION OF A JET 

176. Effect of Issuing Jet on Equilibrium of Tank. — Consider 
a closed tank containing water or other Uquid, and having an 
orifice in one side closed by a cover. When the cover is removed 




^ 



Fig. 142. 



the equilibrium of water and tank will be destroyed. At the 
instant of removal this is due to the disappearance of the pressure 
previously exerted on the cover considered as part of the tank. 
After the jet has formed and a steady flow has been set up, as- 
suming that the depth of water is maintained constant by supply- 
ing an amount equal to that flowing out, as indicated in Fig. 142, 
the pressure within the fluid and on the walls of the tank will not 
regain its original static value, since, in accordance with Ber- 
noulli's theorem, an increase in velocity must be accompanied by 
a conesponding decrease in pressure. 
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176. Energy of Flow Absorbed by Work on Tank. — ^To calcu- 
late the effect of the flow on the equilibrium of the tank, suppoee 
that the tank is moved in the direction opposite to that of the 
jet and with the same velocity, v, as that of the jet. Then the 
relative velocity of the jet with respect to the tank is still v^ but 
the absolute velocity of the jet is zero and consequently its kinetic 
energy is also zero. If h denotes the head of water on the orifice 
(Fig. 142) and Q the quantity of water flowing per second, then 
its loss in potential energy per second is yQh. Moreover^ while 

this volume of water Q moved with the tank, it had a velocity v, 

yQv* 
and therefore possessed kinetic energy of amount -o — . The 

total energy given up by the water in flowing from the tank is 
then 

yQv\ 



yQh + 



v^ 



2g ' 



or, since A = ^r approximately, these terms are equal, and the 

^g 

total energy lost by the water becomes 

Energy given up = -^-^=^. 

Now let P denote the reaction of the jet, that is, the resultant of 
all the pressure exerted on the tank by the water except that due 
to its weight. Then, since the distance traversed by the force P 
in a unit of time is the velocity v of the tank, by equating the 
work done by P to the energy given up by the water, we have 

9 
whence 

P^yQ^^yA^^2yAh. 

9 g 

The reaction P is therefore twice the hydrostatic pressure due to 
the head h. 

This is also apparent from the results of Par. 162, since the 
pressure of a jet on a fixed surface close to the orifice must be 
equal to its reaction on the vessel from which the jet issues. The 
actual reaction of the jet is of course somewhat less than its 
theoretical value, as given by the relation P = 2yAh, since there 
are various losses, due to internal friction, etc. 

177. Principle of Reaction Turbine. — In order for the tank to 
retain its uniform velocity, v, a resistance of amount P must 
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constantly be overcome, for if the resistance is less than this 
amount the motion will be accelerated. It is apparent, there- 
fore, that by a proper choice of the velocity, v, of the tank it is 
possible to utilize almost the entire energy of the jet in over- 
coming a resistance coupled up with the tank. This is the prin- 
ciple on which the reaction turbine is based, as explained in Art. 
XXXVI. 

. It should be noted that if the water flowing out is continually 
replaced from above, half of the available energy must be used in 
giving the supply water the same ve- 
locity as the tank. The useful work 
is therefore reduced to one-half the 
previous amount, and the available 
energy is only that due to the velocity 
head h. 

178. Barker's MilL— The simplest 
practical application of the reaction 
of a jet is the apparatus known as 
Barker's mill (Fig. 143). In this ap- 
paratus water flows from a tank into 
a hollow vertical arm, or spindle, 
pivoted at the lower end, and from 
this into a horizontal tubular arm, 
having two orifices near the ends on 
opposite sides. The jets issue from 
these orifices, and their reactions 
cause the horizontal arm to rotate, 
driving the central spindle from which 
the power is taken off by a belt and 
pulley. 

The steam turbine invented by Hero of Alexandria in the first 
century B.C., is an almost identical arrangement, the motive 
power in this case being due to the reaction of a jet of steam 
instead of a jet of water. 
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Fig. 143. 



XXXm. TYPES OF HTDRAULIC MOTORS 



179. Citrrent Wheels. — ^There are three general types of hy- 
draulic motors, namely: 

1. Current and gravity wheels. 

2. Impulse wheels and turbines. 
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3. Reaction turbines. 

The current wheel is the oldest type of prime mover, and in 
its primitive form consisted of a large vertical wheel, with a set 
of paddles or buckets attached to its circumference, and so placed 
in a nmning stream that the current acting on the lower, or im- 
mersed, portion produced revolution of the wheel. A later im- 
provement consisted in placing the wheel at the foot of a waterfall 
and conducting the water by a flume to the top of the wheel, the 
action of the water in this case being due almost entirely to its 
weight (Art. XXXIV). 

180. Impulse Wheels. — The impulse wheel, as its name indi- 
cates, is designed to utilize the impulsive force exerted by a jet 
moving with a high velocity and striking the wheel tangentially. 
The wheel, or runner, in this case carries a series of curved buckets 
or vanes which discharge into the atmosphere. A feature of this 
type is that the runner rotates at a high velocity and can there- 
fore be made of comparatively small diameter. The two prin- 
cipal types of impulse wheel are the Girard impulse turbine, 
which originated in Europe, and the Pelton wheel, which was 
developed in the United States (Art. XXXV). 

181. Reaction Turbines. — The reaction turbine depends chiefly 
on the reaction exerted by 'a jet on the vessel from which it flows, 
which in this case is the passage between the vanes on the runner. 
In an impulse wheel the energy of the water as it enters the 
wheel is entirely kinetic, and as there is free circulation of air 
between the vanes and they discharge into the atmosphere, the 
velocity of the water is that due to the actual head. In a reac- 
tion turbine the energy of the water as it enters the wheel is 
partly kinetic and partly pressure energy, and as the water 
completely fills the passages between the vanes, its velocity at 
entrance may be either greater or less than that due to the static 
head at that point. A feature of the reaction turbine is that it 
will operate when completely submerged. 

182. Classification of Reaction Turbines. — Reaction turbines 
are subdivided into four classes, according to the direction in 
which the water flows through the wheel. These are: 

1. Radial outward-flow turbines. 

2. Radial inward-flow turbines. 

3. Parallel or axial-flow turbines. 

4. Mixed-flow turbines, the direction of flow being partly radial 
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and partly axial, changing from one to the other in passing over 
the vanes (Art. XXXVI). 

183. Classification of Hydraulic Motors. — The following tabu- 
lated classification is useful as a basis for the description of the 
various types of hydraulic motors given in Arts. XXXIV, XXXV 
and XXXVI. 



Current and Gravity Wheels: 

Utilises impact of current or weight 
of the water. 

ItnpuUe Wheels and Turbines: 

Utilised kinetic energy of jet at 
high velocity. Suitable for limited , 
amount of water under high head. 
Ordinarily used for heads from 300 
ft. to 3000 ft. 

Beadian Turbines: 

Utilizes both kinetic and pressure en- 
ergy of water. Suitable for large 
quantities of water under low or me- 
dium head. Ordinarily used for 
heads from 5 to 500 ft. 



Current wheel, 
Undershot wheel (Ponoelet), 
Breast wheel, 
Overshot wheel. 



Girard turbine (European), 
Pelton wheel (American). 



Radial inward flow (Francis type), 
Radial outward flow (Foumeyron 

type), 
Parallel or axial flow (Jonval type), 
Mixed flow (American type). 



XXXIV. CURRENT AND GRAVITY WHEELS 

184. Current Wheels. — The vertical current wheel, mentioned 
in Par. 179, was the earUest type of hydraulic motor, dating from 
prehistoric times, although they 
are still in use in China and 
Sjrria. 

186. Undershot Wheels.— 
The first improvement consist- 
ed in confining the water in a 
sluice and delivering it directly 
on the vanes. This type was 
known as the Undershot wheel, 
and was in common use until 
about the year 1800 A.D. (Fig. 144). Flat radial vanes were 
used with this type, for which the maximum theoretical effi- 
ciency was 50 per cent., the velocity of the vanes to reaUze this 
efficiency being one-half the velocity of the stream, as explained 
in Art. XXX. The actual efficiency of such wheels was much 
lower, being only from 20 to 30 per cent. 
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Fig. 144. — Undershot wheel. 
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186. Poncelet Wheels. — Undershot wheels were greatly im- 
proved by Poncelet who curved the vanee, so that the water 
entered without shock and was disdiai^ed in a nearly vertical 
direction (Fig. 145). The water thus exerted an impulse on tiie 
vanes during the entire time it remained in the wheel, thereby 
raising the actual efficiency to about 60 per cent. Undershot 




Fia. 146.— Poncelet wheel 



Fio. 146.— Breut wheel. 



wheels of the Poncelet type are adapted to low falls, not exceed- 
ing 7 ft. in height. 

187. Breast Wheels. — A modification of the undershot wheel 
is the Breast wheel, the water being delivered higher up than for 
an ordinary undershot wheel, and retained in the buckets during 
the descent by means of a breast, or casing, which fits the wheel 

as closely as practicable (Fig. 
146). Wheels of this type are 
known as higk-breast, breast, and 
low-breast according as the water 
is dehvered to the wheel above, 
at, or below the level of the 
center of the wheel. The h^- 
breast wheel operates almost en- 
tirely by gravity, that is, by the 
unbalanced weight of the water 
in the buckets, its efficiency be~ 
ing from 70 to 80 per cent. 

Breast and low-breast wheels operate partly by gravity and 

partly by impulse, the efficien(iy varying from about 50 per cent. 

for small wheels to 80 per cent, for large wheels. This type 

was in use until about 1850. 

188. Overshot Wheels. — A more recent type is the Overshot 
tehed, the characteristic of this type being that the water is 




Pio. 147.— Overshot wheel. 
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delivered at the top of the wheel by a sluice, as indicated in Fig. 
147. For miiyiTmiTn efficiency the diameter of the wheel should 
be nearly equal to the height of the fall, the efficiency for well- 
designed overshot wheels ranging from 70 to 85 per cent., which 
is nearly as high as for a modern turbine. An overshot wheel 
at Troy, N. Y., is 62 ft. in diameter, 22 ft. wide, weighs 230 tons, 
and develops 550 h.p. Another on the Isle of Man is 72 ft. in 
diameter and develops 150 h.p. 

XXXV. IMPULSE WHEELS AND TURBINES 

189. Pelton WheeL — The intermediate link between the old 
type of waterwheel and the modem impulse wheel was the Hurdy 



JL 




Pelton Bucket 





Doble Bucket 
Fig. 148. 



Gurdy, which was introduced into the mining districts of CaH- 
fomia about 1865. This somewhat resembled the old current 
wheel, being vertical with flat radial vanes, but diflFered from it in 
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that it was operated by a jet impinging on the vanes at high 
velocity. The maximum theoretical efficiency of the Hurdy 
Gurdy was 50 per cent. (Art. XXX), while its actual efficiency 
varied from 25 to 35 per cent. 

The substitution of curved buckets for the flat radial vanes 
was the great improvement which converted the Hurdy Gurdy 
into the Pelton wheel. The construction of the bucket is shown 
in Fig. 148, the jet being divided by the central ridge and each 
half deflected through nearly 180**. Evidently the angle of de- 
flection must be slightly less than 180^| so that the discharge 
from one bucket may clear the one following. A later improve- 
ment is the Doble bucket, also shown in Fig. 148, each half of 
which is ellipsoidal in form, with part of the outer lip cut away 
so as to clear the jet when coming into action. 




Fia. 151. 



The relation of the jet to the wheel is shown in Fig. 149, the 
type there shown being arranged with a deflecting nozzle for eco- 
nomic regulation. A more recent type of Pelton wheel is shown 
in Fig. 150, the features of this type being the Doble buckets and 
the so-called chain type of attachment of the buckets. 

One of the most important features of construction in this type 
of impulse wheel is the needle valve for regulating the flow. The 
cross-section shown in Fig. 151 indicates the location of the 
needle valve with respect to the nozzle. The methods of oper- 
ating the valve and of elevating and depressing the nozzle are 
shown in Fig. 152. This form of nozzle under the high heads 
ordinarily used gives a very smooth and compact jet, as shown 
by the instantaneous photograph reproduced in Fig. 153. 
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190. Efficiency of Pelton WheeL — If the jet was completely 
reversed in direction and the speed of the buckets was one-half 
that of the jet, the theoretical efficiency of the Pelton wheel 
would be unity, or 100 per cent., as shown by Par. 172, Eq. (115). 
This is also apparent from other considerations; for if the velocity 

of the jet is v and that of the buckets is s, then the velocity of the 
water relative to the lowest bucket is » — sj or s (Fig- 154). 
Therefore, at exit the water is moving with velocity « relative 
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Fig. 154. 

to the bucket while the bucket itself is moving in the opposite 
direction with velocity s- Hence the absolute velocity of the 

water at exit ia ^ — ^, ot zero, and therefore, since the total 

kinetic energy of the water has been utiHzed, the theoretical 
efficiency of the wheel is unity. As a matter of fact there are 
hydraulic friction losses to be taken into account and also the 
dhrection of flow is not completely reversed. The efficiency of 
the Pelton wheel has been found in a number of authentic tests 
to exceed 86 per cent. The actual efficiency in operation de- 
pend of course on the particular hydrauUc conditions under 
which the wheel operates. A good idea of what may be ex- 
pected in practice, however, is given by the following data, ob- 
tained from a imit of 4,000 kw. normal capacity, operating under 
a head of 1,300 ft.: 

IS 
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Load inKW 


Percentage of normal 
capacity 


Wheel efficiency 


5000 
4000 
3000 
2000 


125% 

100% 

75% 

50% 


81% 
83% 
82% 
70% 



Since the Pelton wheel operates by utilizing the kinetic energy 
of the water, it is best adapted to a small discharge under a high 
head. 

191. Characteristics of Impulse Wheels. — ^The performance of 
an impulse wheel may be judged from the value of a certain 
combination of wheel constants known as the ''specific speed/' 
or better, as the ''characteristic speed." The nature of this 
quantity is explained in Art. XXXVII, imder the discussion of re- 
action turbines, the form there given applying also to impulse 
wheels. In discussing its application the following notation will 
be used: 

Let h = effective head in feet; 
H.P. = horse power developed by wheel; 

D = diameter of runner at pitch circle in inches; 

n = speed of runner in r.p.m.; 

d = diameter of jet in inches; 

Q = discharge in cubic feet per minute; 

e = hydraulic efficiency of wheel; 
Nt = characteristic (specific) speed. 

Then as explained in Art. XXXVII the characteristic speed 
N, is defined as 

nV^P^ 



N. = 



h^* 



(118) 



This quantity, N,, may be used to classify the various types 
of impulse wheels as indicated in the following table: 





Impulse wheels 






N. 


1 


2 


3 


4 


s 


Eflficiency at % 
Load 


80% 


79% 


78% 


77% 


76% 



The numerical values of N, in this table refer to the maxi- 
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mum power of one nozzle only. In case the characteristic 
speed lies beween 5 and 10 it is therefore necessary to use more 
than one nozzle. 

For example, suppose that an impulse wheel is required 
to develop 1,300 hp. under a 400-ft. head at an efficiency 
of not less than 78 per cent. From the preceding table 
it is apparent that it is necessary to use a wheel having a 
characteristic speed of about 3. If a single wheel and 
nozzle is used, the speed in r.p.m. at which it must run is found 
from Eq. (118) to be 



n = NJhj^^ = 3 X 400^j^ = 150 r.p.m. 

If two nozzles are used, each furnishes half of the power and the 
corresponding speed is 150\/2 = 212 r.p.m. 

With four nozzles acting on two runners the required speed 
would be 150V4 — 300 r.p.m., and for 6 nozzles acting on 3 
runners, n = 150-\/6 = 367 r.p.m. Since the value of N, is the 
same in each case, the efficiency is practically 78 per cent, in 
each case although there is a wide difference in the speed and 
setting. 

A quantity equally valuable in determining the performance of 
an impulse wheel is the ratio obtained by dividing the pitch 
diameter of the wheel by the diameter of the jet.' An expression 
for this ratio in terms of the wheel constants may be obtained 
as follows: 

The peripheral velocity of the wheel on the pitch circle is 
some fraction, say ^, of the jet velocity. Since this peripheral 

velocity is of amount i2~v~60 ^^' ^^^ second we have therefore 



xDn 



^ipy/2gh 



12 X60 
whence 

m n 

Moreover, the horse power developed is 

TT P - 62.37 Qft6 
^'^' "■ 550 

1 Cabxvhtem, Bng^ Bteord^ June 17, 1916, p, 795. 



(119) 
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or, assuming the average efficiency as 80 per cent., this becomes 

HJ". = ^ Qh. 

Since Q = . ^^ >/2gh cu. ft. per second, we have therefore 

whence 

^^ p:prx iTxiii ^ 16.91^ (120) 




The required ratio, say R, is then 

l,838^hH 

R = 5 = —^7=3 = 116.6 -^. (121) 

The value of ^ in this expression varies from about 0.42 for ordi- 
nary foundry finish to 0.47 for polished buckets. Its average 
value may be taken as ^ = 0.45. 

Since the characteristic speed is given by 

,, n\/H.P. 

the expression for R may also be written in the form 

R = 115.5^ 

N, 

or its equivalent, 

RN» = 115.5^ = constant. 

The following table gives an idea of the comparative values of 
R and N^, computed for ^ = 0.45 and e = 80 per cent. 



Comparative values of N, and R = 


D 
d 






R 7 8 9 10 ! 11 12 13 14 1 15 1 16 


17 


18 19 


20 


iSr;7.43!6.60 5.78 5.20'4.73i4.33 4.00 3.72;3.47!3.25 


3.05 


2.89 2.74 


2.60 



The distinction between these two quantities is that the 
characteristic speed N, indicates whether the runner is to be of a 
high- or low-speed type, whereas the ratio R conveys some idea 
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as to the size of the finished wheel and the number of buckets 
required. 

For a single jet acting on a single runner, the characteristic 
si>eed ranges from to about 5, or possibly 6 as a maximum. 
For an efficient unit, therefore, the value of R should not he 
below 10. 

In the case of a runner with more than one jet, the comparative 
characteristic speed varies directly as the square root of the 
number of jets, and the equivalent R varies inversely as the square 
root of the nimiber of jets. Thus a runner for R = 10 but with 

two jets instead of one has an equivalent R of — ^ = 7.07 and 

a corresponding characteristic speed of 5.20\/2 = 7.35. . 

192. Girard Impulse Turbine. — A type of impulse wheel 
has been developed in Europe, known as the Girard im- 
pulse turbine. In this type the shaft may be mounted 
either vertically or horizontally, and the flow may be either 
radial or axial. The type shown in Fig. 155 is arranged for 
radial flow, with vertical shaft. The construction is practically 
the same in all cases, the water entering through a pipe B, as 
shown in Fig. 155, and proceeding through one or more guide 
passages C, which direct the water onto the vanes. The quan- 
tity of water admitted to the vanes is regulated by some kind of 
gate, that indicated in Fig. 155 being a sUding gate operated by 
a rack and pinion not shown in the figure. 

As the vanes are more obUque at exit than at entrance, they 
are necessarily closer together at exit. To prevent choking, 
it is therefore necessary to widen the vanes laterally at exit, as 
shown in elevation in Fig. 155. As the water discharges under 
atmospheric pressure, ventilating holes are made through the 
sides of the vanes at the back to allow free admission of air. 

193. Power and Efficiency of Girard Turbine. — The power and 
efficiency of a Girard tiu'bine may easily be calculated from the 
results of Art. XXXI. Using the same notation, as indicated 
on Fig. 141, from Eq. (117), Par. 174, the work done per 
second on the wheel is given by the relation 

Work per second = {uiVi cos a — U2V2 cos /3). 

Since the water is under atmospheric pressure, the absolute 
velocity Vi of the water at entrance is calculated from the effective 
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Substituting this value of uj in the expression given above for vtf 
we have 

2uir2 sin ^ ViU sm ^r 

V2 = 2u2 sm ^ = = • 

2 ri ficosa 

Consequently if Q denotes the quantity of water discharged per 
second, the energy utilized per second is 

yQ yQvd »-**««*| 

Energy per second = ^ (..« - »,*) = -^\\ - ^:^-^^^^ 

Substituting 7 = 62.4 and dividing by 550, the expression for the 
horse power of the wheel is therefore 



_ 62.4Qvi« 
"•*^' " 2g(660) 



.sin* %■ 

- (-') — 

\til cos* a 



(123) 



Since the total kinetic energy available is ^ ^ , the efficiency, 
B, of the wheel, as defined by Eq. (Ill), Par. 171, is 

E = 1 - (?:?) — -A. (124) 

\ri/ cos* a 

Since E is less than unity, it is evident that the maximum 
theoretical eflSciency is always less than 100 per cent., and also 
that the efficiency is greater the smaller the angles a and <p. 

In practice the angle a is usually between 20*^ and 25®; ip be- 

tween 15*^ and 20*^: and the ratio — between 1.15 and 1.25. 

n 

Assimiing as average numerical values 

a = 20^ if = 15^ - = 1.15, 

and substituting these values in Eq. (124), the theoretical effi- 
ciency of the wheel in this case is found to be 

[sin 7 5° 1 * 
1.15 ^j=^ = 97.5 per cent, approximately. 

This efficiency is, of course, merely ideal as it takes no account 
of hydrauUc friction losses. 
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The Girard type of impulse turbine was formerly manufac- 
tured in this country by the Stilwell-Bierce and Smith- VaUe Co. 
(now the Piatt Iron Works Co., of Dayton, Ohio) under the trade 
name of the "Victor High Pressure Turbine." In a test of a 
45-in. wheel of this type installed in the power plant of the 
Quebec Railway Light and Power Co., Montmorency Falls, 
Quebec, with a rated capacity of 1,000 h.p. under a head of 195 
ft. at a speed of 286 r.p.m., a maximum efficiency of 78.38 per 
cent, was attained. 

In another test of a 25-in. Victor wheel installed in the Napa- 
noch Power Station of the Honk Falls Power Co., Ellensville, 
N. Y., with a rated capacity of 500 h.p. under 145 ft. head at a 
speed of 480 r.p.m., a maximmn efficiency of 84.2 per cent, was 
attained. 

The average efficiency of Victor wheels in plants installed is 
said by the manufacturers to vary from 70 to 80 per cent., de- 
pending on the design of unit. 

In this type of unit, no draft tube is used and consequently 
that portion of the head from the center hne of the wheel to the 
level of the tailrace is lost. Various attempts have been made, 
both with this and other types of impulse wheel, to regain at 
least part of this lost head by means of an automatically regu- 
lated draft tube, designed to keep the water at a certain fixed 
level beneath the runner, but this feature has never proved sue- 
cessful in operation. 

XXXVI. REACTION TURBINES 

194. Historical Development. — In Art. XXX it was shown that 
a jet flowing from a vessel or tank exerted a pressure or reaction 
on the vessel from which it flows. A simple appUcation of this 
principle was shown in Barker's mill. Fig. 143, in which the reac- 
tions of two jets caused a horizontal arm to revolve. Later this 
device was improved by curving the arms so that the jets issued 
directly from the ends of the arms instead of from orifices in the 
side^ and in this form it was known as the Scotch mill. Subse- 
quently the niunber of arms was increased and the openings en- 
largedy imtil it finally developed into a complete wheel. 

In 1826 a French engineer, Foiu-neyron, placed stationary guide 
vanes in the center to direct the water onto the runner, or wheel, 
the result being the first reaction turbine, now^known as the 
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Poiimeyron or outward-flow tjrpe (Fig. 157). Thia type wa» 
introduced into the United States in 1843. 




FiQ. 159. — fiodiftl inward flow, Fr&ncb tTP^- 



A later modification of design resulted in the axial or parallel- 
flow turbine, known as the Jonval type, which was also of Euro- 
pean ori^, and was introduced into the United States about 
1860 (Fig. 168). 



Emm^oyKSW' 
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A crude form of inward-flow turbine was built in the United I 
States as early as 183S. Subsequently the design was greatly I 
improved by the noted Araerican hydraulic engineer, J. 
Francis, and it has since been known as the Francis type (Fig. 
159). 

Figure 160 shows a runner of the Francis type used in the plant 
of the Ontario Power Co. at Niagara Falls. These are double 
central discharge, or balanced twin turbines, designed to deliver 
13,400 h.p. per unit, under 180 ft. head. The runners are of 
bronze, 82^ in. in diameter; the shafts 24 in. maximum diameter; 
and the housings of reinforced-steel plate 16 ft. in diameter, 
spiral in elevation, and rectangular in plan, as shown in sectional 




detail in Fig. 161. A cross-section of the power house in which 
these turbines are installed is shown in Fig. 162. 

196. Mixed-flow, or American, Type.— The mixed-flow tur- 
bine, or American type, is a modification of the Francis turbine 
resulting from a demand for higher speed and power under low 
heads. Higher speed could only be obtained by using runners of 
smaller diameter, which meant less power if the design was un- 
altered in other respects. To increase the capacity of a runner 
of given diameter the width of the runner was increased, fewer 
vanes were used, and they were extended further toward the cen- , 
ter. As this decreased the discharge area, the vanes were curved 
80 aa to discbarge the water axially (Fig. 163). In a standard 
turbine of this type, the water from the conduit or penstock. 
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after passing through the shut-off valves, enters a cast-irOD or 
cast-steel casing of spiral form encircling the runner, by which 
it is delivered to the whole circumference of the runner at a uni* 
form velocity (Fig. 164). The detail of the gate work for regu- 




lating the admisdon of water to the runner is shown in I^ 166, 

and the entire turbine unit is shown in perspective in Fig. 100. 

196. Use of Draft Tube.—In a reaction, or pressure, turbine 

the pass^es between the vanes are completely filled with water, 



BKBTiar Of now 
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mnd fiiiiee this is the cue, it will mn gn lmmgu L By the me of 
A draft tube or suction tube, LDTented br Jooral in 1843| it is 
poHble, howerer, to set the tUIbi2x^ abore the lerd of the tait 
vat«r vithout losinf bead Tig. 167). TUs is due to the fad 




|iM^9 lW ^\^r«s^,.•^* AJ -X , . ,v , .\ ,r :_r.: ir&TT -ube is enough 
iMPb l^wa *i:r.'>,'«S;N^, : V ,m.. .x . s> \ .1: :h: j.>s? of hydrostatic 

«|| i^\ V^v *',' > . :.>: :< ,s^- r^fimixs off sietting the 
^;ii«V(«^Sio ,v>s4.,.\'»T ♦■.:*?.x:T sxt 5;ihC3i£c« of head. 
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The effect of using a draft tube may be explained mathematic- 
ally as followa: In Fig. 168 let A refer to a point in the free water 
surface of the headrace; B the point at which water enters the 
turbine; C its point of exit into the draft tube; and Z> a point in 
the free water surface of the tailrace, the level of the latter being 




assumed as datum. Then, neglecting friction and writing out 
Bernoulli's equation between the points A and B, we obt^n the 
relation 

or, since v^= 0, Aj— h, and ha = ht, this becomes 

Similarly, writing Bernoulli's equation between the points C and 
D, we have 

2^ + ? + *"-2i+. 
or, once Oo ==• 0, ho = 0, and he = hi, this becomes 



! + *., 



E-".P°-fc 
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Now the effective head on the runner is equal to the difference 
between the total heads at B and C. Consequently 

Effective head =(0 + ^' + *.)-^- + ^- + Ac) 

= £' + - + *' -Sr + **-^ -- + *« + £-*» 

2g y 2g 2g y 2g 

7 y 

But since Ai + As = h, and Pa = Pd, since both are atmospheric, 
this expression for the effective head reduces to simply 

Effective head = h. 

This, however, includes all frictional losses in the intake and 
draft tubes. Including such losses the expression for the effective 
head becomes 

Effective head = A — friction head. 

Provided the head in the draft tube does not exceed the ordinary 
suction head, say about 25 ft., the use of a draft tube therefore 
causes no loss in the static head h except the small amount due 
to friction. 

197. Draft-tube Design. — The design of the draft tube is an 
important element in any hydraulic installation as a considerable 
percentage of the eflSciency of the plant depends on this feature. 
The main object of the draft tube is to gradually reduce the 
velocity of discharge so as to make the final velocity at exit as 
small as possible, thereby wasting as little as possible of the kinetic 
energy of flow. As the upper end of the draft tube where it 
joins the tiu'bine case is necessarily circular, the ideal form of tube 
would be horn-shaped, that is, having a gradual flare and keeping 
the cross-section circular. For practical reasons, however, the 
outlet must usually be oval or flattened, which leads to certain 
difiiculties in calculating the profile and cross-section of the tube. 
The following is perhaps the simplest solution of these difficulties.* 

Cross-section of Draft Tube. — At the upper end of the draft tube, 
its cross-section as well as the discharge, Q, and velocity of flow, 
V, are known. Assuming a tentative value for the velocity of 

* Given by R. Dubs, Zurich Switzerland, in "La Houille Blanche," 
abstract by A. G. Hillbero, Eng. Record, Aug. 9, 1913. For an elaborate 
analysis of draft-tube design see articles by A. G. Hillbbbo, Eng. Record^ 
Nov. 13, 1915, p. 604; Nov. 20, 1915, p. 630. 
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flow at the tower end, the croas-section area, A, at this end may 
then be determined from the relation 

V 

If the shape of the cross-section is assumed to be a rectangle 
of length B and depth D, with circular comer fillets, as indicated 
in Fig. 169, then if E denotes the area of one fillet, we have 

A = BD -iE. 
Since the fillet is a quadrant of a circle, its area is 
£ = r* - ^ = ^*(0.8584) 

and consequently 

A = BD- 0.8584r'. 





1 


V 


) 




VtlodW Curvi for Dmft ' 




Cnnut «/ Aw. Btori. 



198. Profile of Draft Tube. — The profile or longitudinal sec- 
tion of the draft tube is assumed to be formed of the involutes 
of cirotee, as indicated in Fig. 169 in which the large and small 
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circles are the generating circles of the two involute curves, 
respectively. In ordei" to determine the elements of these 
curves it is necessary to have given the dimensions H and T. 
In applying this method, therefore, it is necessary to begin by 
assmning H and T tentatively until the other elements of the 
design have been worked out. 

To determine an involute curve it is necessary only to fix the 
center and radius of its generating circle. Since any tangent 
to the involute is perpendicular to the corresponding tangent to 
the circle, it is evident first of all that both generating circles 
must touch the planes of the cross-sections at entrance and exit. 
Let B denote the radius of the large generating circle, and n the 
distance of its center from the tangent to its involute at entrance, 
as indicated in the figure. Then, if T > H, in order to make the 

tR 

draft tube as short as possible we may assume n = ~^, in which 

case, from the properties of the involute, the radius at the lowest 
point will be r + i2 = vR. From this relation we have 



and also 



R = -^, = 0.467r, 

IT — 1 

n = ^ = 0.7334r, 



which together determine the construction of the outer curve. 
For the special case when T = H these relations become 

R = 0AQ7H; n = 0,733iH. 

To determine the elements of the inner curve, let r denote the 
radius of the small generating circle, m the distance of its center 
from the tangent to its involute at entrance, and a the angle be- 
tween the planes of the cross-sections at entrance and exit. 
Then from the property of involutes and the dimensions given in 
Fig. 169 we have evidently 

Di + m + x = n + yf 
m + y^~j a + D + (y - x) = «. 

Eliminating m between these two equations the result ui 
n + 2y-2x+ (^ a = z - D + Du 



ENEBOY OF FLOW 197 

Inserting in this relation the values of x, y, z and n, namely, 

X = rtan|;y = Btan|;« = n+ (360)**'** "^ V' 
and solving for r, the result is 



B- 



2(**°f-^) 



which gives the radius of the smaller generating circle. The loca- 
tion of its center is then determined from the relation 

ni = n + y — X — Di = -2- + i2 tan w "" *" *^^ 2 "" ^* 

= ^ + (B-r)tan|-D,. 

For the special case when a = 90^, these relations become 



2- 



* T ■" ^ 0.4292 ; 



2 
m^^'l + B-r-A 

rr = r. 

199. Time of Flow through Draft Tube. — By the determina- 
tion of the cross-section and profile of the tube, the velocity of 
flow at entrance and exit, say vi and vt, have been fixed, and also 
the mean length, L, of the draft tube. To determine the time of 
flow through the draft tube it is assumed that the kinetic energy 
of a particle of water decreases linearly as it flows through the 
tube. That is to say, if M denotes the mass of the particle and 
s its distance from some origin back of the entrance, then }^Mv* 

varies as -,* or, since JIf is a constant, this may be written 

o 

8V^ = fc, 

where A; is a constant as yet imdetermined. The law of variation 
in velocity is indicated in Fig. 169. If the distances of the par- 
ticle from the origin at entrance and exit are denoted by Si and 
82 respectively, and the corresponding velocities by vi and vs, then 

8iVi^ = K; SiVt^ = K, 
and consequently 

whence j^ _ LviHn* 



Vi* — Vt* 



198 ELEMENTS OF HYDRAULICS 

which determines k and therefore also Si and 8t. Now from 
the ordinary differential notation tot velocity we have 



whence 



ds Ik 



dt = —=.y/8cl8. 



Integrating this between the known limits si and 8% the time of 
flow through the tube is found to be 

200. Recent Practice in Turbine Setting. — A typical illustra- 
tion of recent development in the design and installation of 
reaction turbines in the United States is furnished by the plant 
of the Mississippi River Power Co. at Keokuk, Iowa (see frontis- 
piece). These turbines are of the Francis type, and develop 
10,000 h.p. per unit at a speed of 57.7 r.p.m. under a head of 32 
ft., with an overload capacity of 13,000 h.p. 

The Keokuk power station is designed to accommodate four 
auxiliary and 30 main power units, the sole function of the aux- 
iliaries being to generate power to drive exciter machines. One- 
half of the station has been fully completed and is in operation, 
that is, two auxiliaries and 15 main power units. For the re- 
maining half of the station, all under-water work has been fin- 
ished complete, including the draft tubes. Likewise the forebay 
protection wall, intakes and headgate masonry are entirely com- 
pleted, with sufficient masonry backing the latter to make it 
stable as a dam. 

Seven of the main turbines were built by Wellman-Seaver- 
Morgan Co. and eight by I. P. Morris Co. and all are identical 
in every respect excepting the runners only. The Wellman- 
Seaver-Morgan runners are 147 in. rated diameter and 16 ft. 
6 in. diameter at outside of band. Six of the I. P. Morris runners 
are 15334 in. rated diameter, two are 13934 in. rated diameter and 
all eight are 17 ft. 4 in. diameter at outside of band. Both wheel 
builders were required to guarantee an efficiency of 83 per cent. 
When tested at Holyoke, the Wellman-Seaver-Morgan model 
developed 88 per cent, efficiency and the I. P. Morris models 
(type 15334 ^' diameter) 86 per cent, and (type 13934 i^« diame- 
ter) 90 per cent, efficiency. After several months of conmiercial 
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Fia 170. — Center wotion of main turbine on tr&naveiH axis of power bouse, 
•"'■ippi River Power Co. 
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operation, one of the Wellman-Seaver-Morgan wheels and one of 
the I. P. Morris wteels (153J^ in. diameter) were tested in place 
at the power station and both developed about 90 per cent, effi- 
ciency. These tests were conducted by Mr. B. H. Parsons, of 
New York City. 

Each of the units is of the single-runner vertical-shaft type as 
shown in Fig. 170. The trend of present development of the 
reaction turbine seems to indicate a still wider application of 
this type to all conditions of head and speed, and that the 
single-runner vertical-shaft turbine will eventually supersede 
the multi-runner horizontal-shaft type (Fig. 161) and the multi- 
runner vertical-shaft type (Fig. 167). 

In the Keokuk plant the intakes and draft tubes are of con- 
crete moulded in the substructure of the power house. The water 
from the forebay reaches each turbine through four intake open- 
ings, the outer dimensions of which are 22 by 7}4 ^t., leading 
into a scroll chamber 39 ft. in diameter (Fig. 171). 

The draft tubes are about 60 ft. in length along the center line 
and contain a right angle bend to 24 ft. in. radius. They are 
18 ft. in. diameter at the throat, from whence they flare in 
straight lines to the mouth, where the cross-section is oblong 
22 ft. 8 in. by 40 ft. 2 in., bounded by two semicircles connected 
by straight lines. The velocity of flow is thereby diminished 
from 14 ft. per second at the top of the draft tube to 4 ft. per sec- 
ond at the outlet, the effect being to increase the hydraulic 
efficiency of the plant about 7 per cent. This type of construc- 
tion is representative of recent practice, which seems to favor 
the moulding of the volute casing directly in the substructure of 
the power house for all low-head work. For heads exceeding 
100 ft., the amount of reinforcement in the concrete becomes 
so great as to warrant the use of cast-iron casings, and for heads 
exceeding 250 ft. the use of cast steel for turbine casings is stand- 
ard practice. 

In the vertical-shaft turbine the weight is carried on a thrust 
bearing, the design of which has been one of the most important 
considerations affecting the adoption of this type. In the 
Keokuk plant the turbine runner is coupled to the generator 
above by a shaft 25 in. in diameter the total weight of the revolv- 
ing parts, amounting to 550,000 lb., being carried on a single 
thrust bearing 6 ft. in diameter. This bearing is of the oil- 
pressure type, a thin film of oil being maintained at a pressure 
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of 250 lb. per square inch between the faces of the bearings* As a 
momentary failure of the oil supply would result in the immediate 
destruction of the bearing, provision is made for such an emerg- 
ency by introducing an auxiliary roller bearing which is normally 
unloaded. A slight decrease in the oil supply, however, allows 
the weight to settle on this roller bearing, which although not 
intended for permanent use is sufficiently large to carry the 
weight temporarily imtil the turbine can be shut down. 

The oil pressure bearing, when taken in connection with the 
necessary pumps and auxiliary apparatus, is expensive to in- 
stall and maintain, and requires constant inspection. For this 
reason the roller bearing and the Kingsbury bearing are now 
being applied to large hydro-electric units. One of the first 
installations in which the roller bearing was appUed to large 
hydraulic imits was at the McCall Ferry Plant of the Pennsyl- 
vania Water and Power Co., where both the roller and the Kings- 
bury type of bearing are now in satisfactory use. 

XXXVn.— CHARACTERISTICS OF REACTION TURBINES 

201. Selection of Type. — The design of hydraulic turbines is a 
highly specialized branch of engineering, employing a relatively 
small number of men, and is therefore outside the domain of 
this book. On account of the rapid increase in hydraulic devel- 
opment, however, every engineer should have a general knowl- 
edge of turbine construction and type characteristics so as to be 
able to make an intelligent selection of type and size of turbine 
to fit any given set of conditions. For this reason the following 
explanation is given of the use and significance of commercial 
turbine constants, such, for instance, as those given in the runner 
table in Par. 213. 

202. Action and Reaction Wheels. — The two systems of 
hydraulic-power development now in use in this country are the 
impulse wheel and the radial inward-flow pressure turbine. 
When an impulse wheel is used, the total effective head on the 
runner is converted into speed at entrance and this type is there- 
fore sometimes called an action wheel. In the case of a pressure 
turbine, however, the effective head on the runner is not all con- 
verted into speed at entrance, the entrance speed l>eing smaller 
than the spouting velocity, so that the water flows through the 
runner under pressure, the effect of which is to accelerate the 
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stream as it passes over the runner. A pressure turbine is there- 
fore called a reaction wheel. 

Reaction turbines are generally used for heads between 5 
and 500 ft., and impulse wheels for heads between about 300 
and 3,000 ft.* While there is no doubt as to the system proper 
for very low or very high heads, there is a certain intermediate 
range, say from 300 to 500 ft., for which it is not directly ap- 
parent which system is most suitable. To determine the proper 
system within this range, the criterion called the characteristtc 
speed has been introduced, as explained in what follows. 

203. Speed Criterion. — In determining the various criteria 
for speed, capacity, etc., the following notation will be used: 

Let h = net head in feet at turbine casing, 

= gross head minus all losses in headrace, conduit and 
tailrace; 
d = mean entrance diameter of runner in feet; 
b = height of guide casing in feet; 
n = runner speed in r.p.m.; 
V = spouting velocity in feet per second; 
til = peripheral velocity of runner in feet per second; 

til 

t/i = — = ratio of peripheral speed of runner to spouting 

velocity of jet. 

From Eq. (30), Par. 51, the spouting velocity in terms of the 
head is given by the relation 

v--CV2gh 

where the constant C — 0.96 to 0.97. 

For maximum efficiency the peripheral velocity of the runner 
is some definite fraction of the ideal velocity of the jet, y/2gh, 
that is, 

ui = ipV^ (126) 

where ^ denotes a proper fraction. For tangential or impulse 
wheels the average value of ^ is from 0.45 to 0.51, whereas for 

^ At the hydro-electno plant of the Georgia Railway and Power Co. at 
Tallulah Falls, €ra., the hydraulic head is 580 ft., which is probably the 
highest head that has been developed east of the Rocky Mountains, and the 
highest in this country for which the reaction type of turbine has been 
employed. See Fig. 181. (General Electric Review, June, 1914, pp. 608- 
621.) 
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reaction turbines its value ranges from 0.49 to 0.96| with an 
average range from about 0.57 to 0.87. 

The ratio Ui of peripheral speed of runner to spouting velocity 
is therefore given by the expression 

and consequently Ui is about 3 per cent, more than ^. 

Since in Eq. (125) the factor ^\/2g is a constant, this equa- 
tion may be written in the form 

til = KVK 

where the coefficient A;, may be called the 9peed constant. For a 
given runner for which d, A and n are known, this speed constant 
may be calculated from the relation 

Ui xdn 
k. = -^ = -^- (126) 

Vh 60\/h 

By the use of the speed constant K, different types of runners 
may be compared as regards speed. In the case of reaction tur- 
bines if the speed constant is much in excess of 7, either the speed 
is too high for maximum efficiency or the nominal diameter of the 
runner is larger than its mean diameter. 

204. Capacity Criterion. — The entrance area A of the runner 

is given by the relation 

A = Ciirdb 

where Ci denotes a proper fraction, since the open circumference 
is somewhat less than the total circumference by reason of the 
space occupied by the ends of the vanes or buckets. The ve- 
locity of the stream normal to this entrance area is the radial 
component of the actual velocity at entrance, say Ur, and like 
this velocity is a multiple of \/A, say 

Ur = C2y/h. 

Since the discharge Q is the passage area multipUed by the speed 
component normal to this area, we have 

Q = AUr = (Ci7rcR>)C2\/A. 

It is customary, however, to express the height of a runner in 

terms of its diameter as 

b = Czd, 

where the coefficient o^ is a constant for homologous runners of a 
given type. For American reaction turbines Cs varies from about 
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0.10 to 0.30. Substituting this value for b in the expression for 
the discharge^ it becomes 

Q = {irCiCtCz)cP^h. 

Therefore, if the constant part of this expression is denoted by 
fc,, it may be written 

Q = k,d Vh. (127) 

The coefficient kg may be called the capacity constant of the run- 
ner, and for any given runner may be computed from the relation 

For American reaction turbines the capacity constant ranges in 
value from about 2 to 4. Since k^ has approximately the same 
value for all runners of a given type, it serves as a criterion for 
comparing the capacity of runners of different t3rpes. 

206. Characteristic Speed. — The speed constant and capacity 
constant taken separately are not sufficient to fix the require- 
ments of combined speed and capacity. That is to say, two 
nmners may have different values of k^ and A;^ and yet be 
equivalent in operation. To fix the type, therefore, anothei 
criterion must be introduced which shall include both k^ and 
kg. The most convenient combination of these constants is 
that introduced by Professor Camerer of Munich and the well- 
known turbine designer, Mr. N. Baashuus of Toronto, Ontario. 
This criteriSn may be obtained as follows.^ 

The horse power of a turbine is given by the expression 

w p - 6 2.37<?fee 
^'^" 650 

where e denotes the hydraulic efficiency of the turbine. If the 
horse power, discharge Q and head h are given, the efficiency 
may be calculated from this relation by writing it in the form 

^ 550g.P. 
^ 62.37 QA' 

If the efficiency is known, the constants in the above expression 
for the horse power may be combined into a single constant k, 
and the equation written in the form 

H.P. = kQh. (129) 

1 S. G. ZowsKi, "A Comparison of American High-speed Runners for 
Water TmbineBi Bng. News, Jan. 28, 1909, pp. 99-102. 
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When the efficiency is not known it is usually assumed as 80 per 
cent., in which case *^ = ii' 

From Eq. (126) the speed in r.p.m. is given by the relation 

n = ^^ (130) 

and from Eq. (128) the nominal diameter of the runner is given as 



=Vi 



Q 



k,Vh 
Eliminating d between these two relations, we have therefore 

eoKVKVhVh 
tVq 

Moreover, from Eq. (129) we have 



Q = 



kh 



-( 



and substituting this value of Q in the preceding expression for n, 
we have finally 

The expression in parenthesis is a constant for any given type 
and may be denoted by iV., in which case we have 

XT ^<^^ 

\/H.P. 

For any given type of turbine this constant iV. may be calculated 
from the relation 

Various names have been proposed for this constant N, such 
as "type constant" and "type characteristic." In Germany, 
where its importance as determining the type and performance 
of a turbine seems to have first been recognized, it is called the 
specific speed (spezifische Geschwindigkeit, or spezifische Um- 
laufzahl). This term, however, is not entirely satisfactory to 
American practice, as it seems desirable to use the term specific 
speed in another connection, as explained in what follows. The 
term for the constant N, favored by the best authorities as more 
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fully describing its meaning is characteristic speedy which is 
therefore the name adopted in this book.^ 

For impulse wheels the characteristic speed ranges in value 
from about 1 to 5, while for radial, inward-flow turbines its 
value lies between 10 and 100. 

206. Specific Discharge. — It is convenient to express the 
discharge, power, speed, etc., in terms of their values imder a 1-ft. 
head. 

The discharge imder a 1-ft. head is called the specific dis" 
charge, and its value is found by substituting A = 1 in. Eq. (127). 
Consequently if the specific discharge is denoted by Qi, its value 
is 

and therefore 

Q = QiVh. (133) 

For reaction turbines the specific discharge ranges in value from 
0.302d' for the slowest speeds, to 2.866d' for the highest speeds, 
the diameter d being expressed in feet. 

207. Specific Power.— Similarly, the power developed under 
1-ft. head is called the specific power, and will be denoted in what 
follows by H.P.i. From Eq (129) we have 

H.P. = kQh 
and since from Eq. (127) 

Q = k^dWh, 

by eliminating Q between these two relations we have 

H.P. = kk^d^hVh* 

Substituting A == 1 in this equation, the specific power is there- 
fore given as 

H.P.i = fcMS 
and consequently 

H.P. = HJP.ihV^. (134) 

208. Specific Speed. — ^By analogy with what precedes, the speed 
under 1-ft. head will be called the specific speed and denoted 

^ The use of the tenn charcicterUtic speed has been recommended to the 
author by the well-known hydraulic engineer Mr. W. M. White, who is 
using this term in preparing the American edition of the German handbook 
"de Htltte," and strongly advocates its general adoption in American 
practice. 
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by flu Substituting A = 1 in Eq. (130), we have therefore 

60Jk, 

Til = — ?-' 

and consequently 

n = ni\/h. (Ui) 

For reaction turbines the specific speed ranges in valae from 
-T for the lowest speeds, to -j- for the higjiest speeds, the diame- 
ter d being expressed in feet. 

209. Relation between Characteristic Speed and ^eciflc 
Speed. — From the relation 

M - ny/H.P. 

•" hVh ' 

the characteristic speed iV« may be defined in terms of the quan- 
tities defined above as specific. Thus, assuming A = 1 and 
HJ^. = 1, we have N, = n, expressed in r.p.m. Therefore, the 
characteristic speed is the speed in r,p.m. of a turbine diminished 
in aU its dimensions to such an extent as to develap 1 h.p. when 
working under a head of 1 ft. 

Since it is apparent from Eq. (131) that iV« stands for the 
combination 

^ _ eokvVKVic 

T 

where /b is a function of the efficiency 6, the characteristic speed 
Nt is an absolute criterion of turbine performance as regards 
speed, capacity and efficiency. From Eq. (132), however, it 
is evident that Ng may be calculated directly from the speed, 
power and head without knowing the actual dimensions of the 
runner, its discharge, or its efficiency. 

210. Classification of Reaction Turbines. — The character- 
istic speed N, may be used as a means of classifjdng not only the 
various types of impulse wheels (Par. 191) but also of reaction, or 
pressure, turbines. 

In the following table practically all the different kinds of 
pressure turbines of the radial inward-flow type are classified 
by their characteristic speeds, the corresponding effidencieQ 
being also given in each case. 
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Type of pies- 
aure turbine 



Charac- 
teristic 
speed, Nt 



Efficiency 



Maximum 



88r~d2 per cent, at ^ power 
88r~d2 per cent, at ^ power 
87-91 per cent, at 0.8 power 
86-90 per cent, at 0.9 power 



At half power 



80-85 per cent. 
7^-82 per cent. 
75-80 per cent. 
7^76 per cent. 



Ix>w-apeed 

Medium-epeed. . . 

High-speed 

Very JAigh-epeed. 



10 
30 
60 
90 



- 20 

- 50 

- 80 
100 



The values of the constant N, in this table refer to the maid- 
mum power of one runner only. In case the characteristic speed 
is higher than 100, it is necessary to use a multiple imit. At 
maximum power, the efficiencies are slightly lower than the 
maximum efficiencies given above. 

From this table it is apparent that low-speed turbines show a 
favorable efficiency over a wide range of loads but are prac- 
tically limited to high heads, whereas high-speed turbines are 
efficient at about 0.8 load but show a notable decrease in effi- 
ciency at half load. The use of the latter is therefore indicated 
for low heads where the water supply is ample at all seasons. 

211. Numerical Application. — ^To illustrate the use of the pre- 
ceding niunerical data, suppose that it is required to determine 
the proper system of hydraulic development for a power site, 
with an available flow of 310 cu. ft. per second imder an effective 
head of 324 ft. 

The power capacity in this case is 



H.P. = 



324 X 310 
11 



= 9,100. 



Of this amoimt about 100 h.p. will be required for exciter and 
lighting purposes. There would therefore be installed two 
exciter units running at 550 r.p.m., one of which would be a 
reserve unit. The characteristic speed for these imits would then 
be 



„ 550 fiOO .^. 

^- =^ 3ioV 17:6 = *-25- 



Since this lies between 1 and 5, an impulse wheel would be used 
for driving the exciter generators. 

The main development of 9,000 h.p. would be divided into three 
units of 3,000 h.p. each, running at 500 r.p.m., with a fourth 
unit as a reserve. The characteristic speed for these main units 
would then be 



j^ _ 500 /3,000 _ «- 
^' "■ 3l0\l7:6 " ^^' 



u 



210 
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As N, liea between 10 and 100, a pressure turbine would be uaed 
for driving the main generators. 

212. Normal Operatii^ Range. — Having determined the 
proper type of development, it is necessary, in ease a reaction 
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Par Cent TurUiw Load 
FlO. 172. ■! 

turbine is uaed, to determine the required size and tjrpe of runner 
to develop maximum efficiency under the given conditions of 
operation. 
For a turbine direct-connected to a generator, the capadty of 
the turbine, in general, should be such as 
to permit the full overload capacity of 
the generator to be developed and at the 
same time place the normal operating 
range of the unit at the point of maxi- 
mum efficiency of the turbine, as indi- 
cated in Fig. 172. The normal horse 
power, or full-load, here means the 
power at which the maximum efficiency 
is attained, any excess' power being 
regarded as an overload. 

When the supply of water is ample but the head is low, effi- 
ciency may to a certain extent be sacrificed to speed and capacity 




Fia. 173. 
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in order that the greateat power may be developed from each 
runner, thereby reducing the inveBtment per horse power of 
the installation. On the other hand, when the Bow of water is 
insufficient to meet all power requirements, an increase in effi- 




Fio. 175. 



ciency shows a direct financial return in the increased output of 
the plant. 

213. Selection of Stock Runner. — Ordinarily it is required to 
select a stock runner which will operate most favorably under the 
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ff.ven conditions. To ezplun how an istolligent aeleetion of 
ase and type of runner may be made from the commercial oon- 
stants given by manufaoturers, the foUowing numer table of & 
standard moke of tm-bine is introduced' (page 213). 

The cut accompanying each of the six types given in the table 
ehows the outline of runner vane for this type. To indicate its 
relation to the runner and to the turbine unit aa a whole, Fig. 
173 shows a typical cross-section of runner; Fig. 174 shows how 
this is related to the casing; and Fig. 175 shows a oross-aection 
of the entire turbine unit. The runner is also shown in per- 
spective in Fig. 176. 




From Eq. (132) it is evident that, other things beii^ equal, 
the characteristic speed for high heads will be relatively small 
whereas for low heads it will be lai^. Thus in the runner 
table above, type "A," with a characteristic speed of 13.56 is 
adapted to high heads, running up to 600 ft., while at the other 
end of the series, type "F," with a characteristic speed of about 
75, is adapted to effective heads as low as 10 ft. 

To give a numerical illustration of the use of the numer table, 
suppose it is required to determine the type of runner and the 
speed in r.p.m. to develop 750 h.p. under a head of 49 ft. 

In this case hVh = 49^49 = 343, and consequently 

H.P.,-''4.'™.2.2, 
hVh 343 

t The AUu-Ch&lmera Co., Milwaukee. 
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which corresponds to a 30-in. type "F" runner. Referring to 
the table for this type and size, we have ni = 62.1, from which 
the required speed is found to be 

n = 52.1\/h = 364.7, say 360 r.p.m. 
If twin turbines were used, we would have 

H.P.1 = J^ = 1.11, 

which corresponds to a 22-in. type "F" runner, having a speed 
of 

n = ll.Oy/h = 497, say 600 r.p.m. 

As a second illustration, let it be required to find from the 
table the type of runner and speed to develop, 4,000 h.p.under an 
effective head of 300 ft. 



In this case h\/h = 300\/300 = 5,190, and consequently the 
specific power is 

H.P.i = ^ = ^ = 0.77. 
hy/h 5,190 

which corresponds to a 50-in. type "J5" runner. Referring to 
the table for this type and size we have 

H.P.i = 0.79, and ni = 23, 
and consequently the power and speed for this type and size is 

H.P. = 0.79hVh = 4,100, 
and 

n = 23 VA = 395, say 400 r.p.m. 

XXXVm. POWER TRANSMITTED THROUGH PIPE LINES 

214. Economical Size of Penstock. — In hydraulic develop- 
ments involving the construction of long pipe lines or pipes under 
a high head, the cost of the pipe line is often a considerable part 
of the total investment. In such cases the determination of the 
most economical size of penstock is of special importance. 

In discussing this problem the following notation will be used: 

a = cost of metal pipe per pound; 

b = cost of wood pipe per foot of diameter, per foot of length; 

c = constant in Chezy^s formula t; = cy/rs] 

d = inside diameter of pipe; 
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/ ^ aUowable fiber stress in metal pipe in pounds per square 

inch; 
h = friction head per unit of length; 
i = income in dollars per year per foot of head; 

k = numerical coefficient = -s~-; 

I = length of pipe; 
p => total percentage retiurn on investment, including operat 

ing expenses, depreciation and profit; 
Q = volume of fiow through pipe in cubic feet per second; 

r = hydraulic radius = j for pipe fiowing full; 

8 = hydraulic gradient = t; 

t = thickness of metal pipe; 
V = velocity of pipe fiow; 
w = internal water pressiure in pipe in pounds per square inch; 

In the Chezy formula, v = c^/rs, if we put ^ = !» * = f ^^^ 
solve for the loss in head, A, the result is 

or, since v = -^, this may be written 

Consequently the loss in annual income due to this loss in head 

is 

MIQH 
Income lost = , 7,. . 

Another factor which reduces the income is the annual fixed 
charge on the pipe. To calculate this for metal pipe, note that 
the thickness of pipe wall is given by Eq. (10) Par. 23, namely, 

^ - 2/' 
and therefore the weight of pipe per foot of length is irdL Conse- 
quently the cost per foot of length for metal pipe is irdta = —Kj-i 
and hence finally 
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Total cost of pipe = — 07— = kcPl, where for metal pipe 

and for wood stove pipe k may be detennined from the relation 
Cost of pipe per foot of diameter per foot of length = kd. 
Adding the terms representing these two losses we have then 

Total annual loss = , ,, > + -77^- 

c^d^r* 100 

The most economical diameter of penstock is then the value of 
d which makes this expression a minimum. The condition for 
such a TniniTniinn is obtained by equating to zero the first deriva- 
tive of the expression with respect to d. Performing this differ- 
entiation, the condition for a minimum is then 

_ SmQH 2kdlp ^ 
cH^^ "^ 100 

whence, solving for d, the formula for economical diameter of 
penstock is determined as 



-# 



,626QH 



c%p 

216. Numerical Application. — ^The following numerical exam- 
ple illustrates the use of the formula as applied to wood stave 
pipe.^ 

A stream is to be developed by building a large reservoir to 
equalize the flow, and conducting the water to the surge tank and 
penstocks by a single wood stave pipe 13,000 ft. long. The avail- 
able head is 440 ft., and the average flow through the pipe while 
the plant is in operation is 112 cu. ft. per second, developing about 
3,000 kw. As the plant is to be used as a base- load plant and the 
load is to be nearly constant, the value of Q is assumed as 112 
cu. ft. per second. 

The plant develops annuaUy about 26,000,000 kw.-hr., which 
sold at 1 ct. per kilowatt-hour gives a gross income of $260,000 or 
$590 per foot of fall. 

To determine the most economical value of d, a velocity of 6 ft. 
per second is first assumed, which would require a 5-ft. pipe, the 
cost of whiph in place is estimated at $10 per foot, or $2 per foot 

» Wabbbn, Trans, Am. Soc. C. E., vol. Ixxix, p. 270. 



- = 5.52 ft. 
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of diameter per foot of length, making Jc = % = 0.4. S 
stituting these numerical values in the fonnula, namely, 

Q - 112; i -= 590; C = 113 (aasumed); p = 16; fc = 0.4, 
the resulting value of d is 

,_ 7/ l,625(11 2)*590 _ 
\ 0.4(113jn5 

A SH-ft. penstock would therefore be assumed as most eco- 
nomical. 

XZXIZ. EFFECT OF TRANSLATION AND ROTATION 

216. Equilibrium under Horizontal Linear Acceleration. — 
Consider the equilibrium of a body of water having a motion of 
translation as a whole but with its particles at rest relatively to 
one another, such, for example, 
as the water in the tank of a 
locomotive tender when in mo- 
tion on a straight level track. 
If the speed is constant, the 
forces acting on any particle of 
the liquid are in equilibrium, 
and conditions are the same as 
when the tank is at rest. If the 
motion is accelerated, however, 
every particle of the liquid must 
experience an inertia force pro- 
l>ortional to the acceleration. 
Thus, if the acceleration is de- 
noted by a, the inertia force F acting on any particle of mass mt 
according to Kewton's law of motion, is given by the relation 

F = TJia. 
For a particle on the free surface of the hquid (Fig. 177), the 
inertia force F acting on this particle must combine with its 
weight W into a resultant R having a direction normal to the free 
surface of the liquid. From the vector trian^e shown in the 
figure we have 




Fio. 177. 



and by Newton's law 



F = Wt&n a, 



whence by division 



(»W) 
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217. Equilibrium under Vertical Linear Acceleration. — ^If the 

tank is moving vertically upward or downward, the surface of the 
liquid will remain horizontal. If the motion is uniform^ that 
is, with constant velocity, the conditions will be the same as 
though the tank was at rest. If it is moving upward with 
acceleration a, the surface will still remain horizontal but the 
pressure on the bottom of the tank will be increased by the 

W 
amoimt ma = — a, where W denotes the weight of a column of 

water of unit cross-section and height equal to the depth of 

water in the tank. Thus if p denotes the pressure on the bottom 

W 

of the tank in poimds per square inch, then since ma = —a = 

— a, we have 
9 



g 



p = 7h + ma = 7h(^^) 



(138) 



If the acceleration is vertically downward, the pressure on the 
bottom of the tank is diminished by the amount 7^(~)f i^s 
value being 

p = 7h(^). (139) 

218. Free Surface of Liquid 
in Rotation. — If the tank is in 
the form of a circular cylinder 
of radius r, and revolves with 
angular velocity w about its 
vertical axis YY (Fig. 178), the 
free surface of the Uquid will 
become curved or dished. To 
find the form assumed by the 
siurface, let P denote any parti- 
cle on the free surface at a dis- 
tance X from the axis of rota- 
tion. Then if m denotes the 
mass of this particle, the centrifugal force C acting on it is 

C '• 




NVVCCM4«f>i«WM<aM NWMX>I»5>XVv>N>NVNJ»N« 




mxa' 



w . 

9 



From the vector triangle shown in the figure we have 

tan ^ = ^sr = — ' 
W g 
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Jy. 



and siDce Uie slope of the surface curve ^ jz — ^ai> ^> ^^ have 
as its differeDtial equation 

ax g 

whence, by integration, its algebriuc equation is found to be 

y-^- (140) 

The surface curve cut out by a diametral section is therefore 
a parabola with vertex in the axis of rotation, and the free surface 
is a paraboloid of revolution. 

219. Depression of Cup below Original Level in Open Vessel 
— Since the volume of a paraboloid is half the volume of the cir- 
cumscribing cylinder, the volume of hquid above the level OX of 
the vertex (Fig. 179) is 

Vol. OCDEF = ■^• 



r 

O X 




Fio. 179. 



Fio. 180. 



TT*k = 



But if AB is the level of the liquid when at rest, then 

" 2 

where J: denotes the depth of the cup below the original level, 
and therefore 

v-^ = !^ 
2 4g 

Consequently the depth of the cup below the original level is 
proportional to the square of the angular velocity. 

320. Depression of Cup below Original Level in Closed VesseL 
— If the top of the tank is closed and the angular velocity 



(Ml) 
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increased until the liquid presses against the top, as shown in 
Fig. 180, the surface will still remain a paraboloid. If the total 
depth of the cup is denoted by H and its greatest radius by £, 
then since its volume must be the same as that of the cup of 
depth A, we have the relation 

hr^ = HR^ 
whence 



'''- H 



«*x* 



But from the equation of the surface curve, y = , by sub- 
stituting the simultaneous values y = H, x = R, we have 

.2; 



H = 



2g 



and substituting in this relation the value of R^ from the previous 
equation, the result is 

whence 

H = «r^^. (142) 

Therefore after the liquid touches the top cover of the tank, the 
total depth of the cup is proportional to the first power of the 
angular velocity. 

221. Practical Applications. — An important ph3rsical applica- 
tion of these results consists in the formation of a true paraboUc 
mirror by placing mercury in a circular vessel which is then 
rotated with \miform angular velocity, the focus of the mirror 
depending on the speed of rotation. 

Another practical application has been found in the con- 
struction of a speed indicator. A glass cylinder containing a 
colored liquid is mounted on a vertical spindle which is geared 
to the shaft whose speed is required. The required speed is 
then obtained by noting the position of the vertex of the para- 
boloid on a vertical scale. From the level AB to the level CD 
(Fig. 180) the graduations on the scale are at unequal distances 
apart, as apparent from Eq. (141), but below this point they are 
equidistant, as shown by Eq. (142). 
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XL. WATER-HAMMER Ilf PIPES 

222. MaTimiiin Water-hammer. — If water is flowing in a 
pipe with uniform velocity and the flow is suddenly stopped, as by 
the closing of a valve, the pressiure in the pipe is greatly increased, 
producing what is known as water-hammer. The maximum 
pressure occurs of course when the flow is stopped instantane- 
ously. In this case all the kinetic energy of flow is expended in 
compressing the water and distending the pipe. The increase in 
pressure due to instantaneous closing may therefore be deter- 
mined by simply calculating the work done in compressing the 
water and in distending the pipe, and equating their sum to the 
kinetic energy of the water flowing in the pipe when shut off. 
This derivation assumes that all the energy of the water in any 
section of given length is expended in compressing the water and 
distending the pipe in this particular section. This assmnption, 
however, can be shown to be true theoretically and is also 
verified by experiment.^ 

As a notation for use in the derivation which follows, let: 

W = weight of water in the pipe in pounds; 
V = velocity of flow in feet per second; 
7 = 62.4 = weight of water in pounds per cubic feet; 
A = area of cross-section of pipe in square feet; 
d » diameter of pipe in feet; 
I s length of pipe in feet; 
h = head in feet due to water-hammer alone in excess of 

static head; 
B = bulk modulus of elasticity of water = 294,000 lb. per 

square inch (Par. 3) ; 
E = Young'smodulusof elasticity of pipe material; 
b = thickness of pipe wall in feet. ^ 

Then the kinetic energy of the water flowing in the pipe with 
velocity V is 

kinetic energy of flow -^z — = —t^ — ft.-lb. 

2g 2g 

* AH the fonnulas for maximum water-hammer are the same however 
derived, although they appear in different forms. The derivation here 
givea is probably the simplest and is a modification of that given by Minton 
M. Wakbbn in his paper on "Penstock and Surge Tank Problems," pub- 
lished in Trans. Am. Soc. G. E., vol. Ixxix, p. 238, 1915. The correct for- 
mula for maximum water-hammer seems to have been first obtained by 

JotTKOWBXT. 
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To calculate the work expended in compressing the water in the 
pipe, note that the total pressure on any cross-section of the pipe 
is Ahy lb., and consequently the unit pressure is ^7 lb/ per 
square foot. Since the bulk modulus of elasticity of water B 
is defined as (Par. 3) 

j^ _ unit pressure 
"" unit deformation 
we have 

imit deformation = -^' 

Therefore the total compression of a column of water I ft. in 

hyl 
length will be -3-. Now the total pressiure on any cross-section is 

Ahy, but since this abnormal pressiure starts at zero and increases 
uniformly to its full value, the average pressure on the cross-sec- 
tion is }4Ahy. Consequently the total work expended in com- 
pressing the water is 

work done on water = }4Ahy X -Z- = ^2 ft.-lb. 

To determine the amount of work expended in distending the 

pipe, note that the total tension on any longitudinal seam in 

dlhy 
the pipe is lb., and consequently the imit stress in the pipe 

is —TV- or — T- Since by definition of Young's modulus 

„ _ unit stress 



unit deformation 
we have 

unit deformation = zrrZf 

2bE 

and consequently the increase in the length of the circumference 
is 

dhy irdPhy 



irdX 



2bE 2bE 



Since this tension starts at zero and increases uniformly to its 
full value, the work done in distending the pipe is 

work done on pipe = - x -^^ X -g^ = -"W"^*-^^- 
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Equating the kinetic energy of flow to the work of deformation 
expended on water and pipe wall jointly, we have 

AlyV* Ah*y*l Adlh*y* 
2g ^28"^ 2bE 

whence, by reducing and solving for h, we have 



h = 



_ yyjyg 



yyg 



V 



1 + ^^ 



Inserting in this expression the numerical values of the constants, 

namely, 

B = 294,000 lb. per sq. in. = 42,336,000 lb. per sq. ft., 

E = 30,000,0001b. per sq. in. = 4,320,000,000 lb. per sq. ft., 

y = 62.4 lb. per cu. ft. 

it becomes 

, 145.27 

n = 



-Ji + o. 

or, with sufficient exactness, 



0098 J 





^1 + 0.01 1 

223. Velocity of Compression Wave. — As mentioned above, 

what happens, when the flow in a pipe is suddenly cut off, is an 

increase in pressure, first exerted at the valve, which compresses 

the water and distends the pipe at this point. Beginning at the 

valve, this effect travels back toward the reservoir or supply, 

producing a wave of compression in the water and a wave of 

distortion in the pipe. When all the water in the pipe has been 

brought to rest, the total kinetic energy originally possessed by 

the flowing water is stored up in the elastic deformation of the 

water and pipe walls. Since this condition cannot be maintained 

under the actual head in the reservoir, the pipe then begins to 

contract and the water to expand, thereby forcing the water 

back into the reservoir until it acquires a velocity approximately 

equal to its original velocity but in the opposite direction, that 

is, back toward the reservoir. After this wave has traversed 

the pipe the water again comes to rest, but the kinetic energy 

acquired by the flow toward the reservoir will have reduced the 
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Aly 
men turn destroyed is V, Equating the impulse received to 

i/ 

the momentum de-stroyed we have therefore 

Ve \ Vcl g 

whence 

h = - -^^ , . (146) 



g 



(' - 1~) 



This formula is subject to the limitations that it is liable to be in 
error for very slow closing or for very high velocities; also, that 
it docs not give any value for the fall in pressure following the 
rise, and docs not apply to opening the gates. However, it is 
probably the most accurate formula yet derived, and its simplic- 
ity commends it for ordinary use. 

226. Joukovsky's Formula. — The formula for maximum water- 
hammer derived above, namely, 

, I'C * 

' = T' 

was first derived by Joukovsky.^ From this result he obtained 
a formula for ordinary water-hammer by assuming that if the 
time of closure is greater than the period T of the compression 
wave, the excess pressure is inversely proportional to the time 
of closure, that is, 

actual pressure _ T, 

maxinmm pressure t 
Substituting the proper values in this relation we have therefore 

21 



n 


=: 


Vc 
t 


9 






h 




21V 



whence 

21V 

This formula is now generally regarded as inaccurate, and for 
slow closure may be a.s much as 100 per cent, in error. 

* Joukovsky's experiiiKMits wore made in Moscow in 1897-8, and the re- 
sults published in the Memoirs of the Imperial Academy of Sciences, St. 
Petersburg, vol. ix, 1897. This account was translated from the original 
Russian into English in 1904 by Miss Olga Sixun, and the results discussed 
and amplified by Mr. Boris Simin, Jour. Ariier Water Works Assoc., 1904, 
p. 335. 
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226. Allievi's Formula. — Another formula for ordinary water- 
hammer has been derived more recently by L. AUievi.^ The 
derivation of this formula is based on the assumptions that the 
area of the gate decreases linearly, and that the velocity of flow 
decreases at a constant rate throughout the interval of closure. 

21 
It also assumes that the time of closure, L is not less than — , and 

Ve 

is good for such values of t only. 

The derivation is somewhat complicated, involving the solu- 
tion of a differential equation and other mathematical difficulties, 
and is not given here. The complete derivation may be found 
in Mr. Warren ^s article, cited above. 

The result of Allievi's discussion is embodied in the formula 



, NH 



± ^ypi + ^ (l«) 



where 

N = [-Trf] I H = normal pressure head. 

The minus sign in the formula is supposed to apply in opening 
the gates, and therefore, according to the formula, the drop in 

pressure can never exceed H but approaches it as a limit. In 

21 
this formula the time t >— , and it has been found by experiment 

that the formula becomes inaccurate when t approaches the value 
21 

227. Occurrence of Water-hammer in Supply Systems. — The 
question of water-hammer is not restricted to the closure of gates, 
and surge in penstocks, but is also of frequent occurrence in the 
water-supply systems of large manufacturing cities where a large 
number of factories shut down at about the same time, say 5 :30 
or 6 p.m. 

It has also been found that when a small branch pipe having 
a dead end leads off from a larger pipe in which water-hammer 
takes place, the small pipe may be subjected to double the pres- 
sure set up in the large pipe. This should be taken into account 
in designing distributing systems, and also in taking readings 
on water-hammer from a pressure gage set in the end of a small 
pipe leading from a penstock or wheel case. 

1 Annali deUa Societa degli Ingegneriy Rome, vol. xvii, 1902. 
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DO. SDKGB TANKS 
228. Surge in Surge Tanks. — To relieve the effects of water- 
hftmmer in penstockB, produced by suddenly starting up or shut- 
ting down the plant, it is customary to provide sur^ tanks so that 




Concrete 
turbince an .. . ... 

foot development, Tallul&h Falls, 
Geor^a. 




Coa/rtan Bug. Riceri, 

Fia. 181. — Ch&DgM in hydraulic gradient due to'w&ter hammer in penatock. 

the shock is cushioned by the simple riae or fall of the water level 
in the tank. To make the calculations requisite for surge-tank 
design, it is necessary to know the height of the sui^ up or down 
io the tank. In discussing this problem the following notation 
will be used : 

A = cross-sectional area of surge tank in square feet; 
a = cross-sectional area of conduit in square feet; 
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V » velocity of flow in main conduit at time t in feet per 

second; 
V = normal velocity of flow in main conduit in feet per second 

during period of steady flow; 
F = friction head in feet corresponding to velocity of flow V; 
f = friction head in feet corresponding to velocity of flow v, 

and consequently/ = Fy^] 

q — volume of discharge through penstock at time t in cubic 

feet per second; 
Q — volume of discharge through conduit at time t in cubic 

feet per second, and consequently q — Q when v ^ V; 
H = total head in feet lost between forebay and surge tank 

corresponding to velocity of flow F; 
9 = distance of siu*ge-tank level at any time t from its initial 

level, i.e., below level of forebay when starting up, and 

above a point H ft. below level of forebay when shutting 

down; 
S » maximum surge up or down in feet, measiu-ed from the 

initial level the same as for 9. 

Level at time t 



Porebsy 



Static Level 



/Initial levd when 
■tartinff up 



Head lost in conduit 



5?X 



Draw down when startins up^S 



i 




5^= Surse when 
^^^ ishuttinir down 



Surse Tank 



T 



E£=t£==:e~3 Initial level when 

shutting down 




Fig. 182. — Changes in level in surge tank. 

To begin the demonstration assume that the forebay has a 
spillway such that the elevation of the water surface in the fore- 
bay remains constant during the period under discussion. 

Before starting up the plant, the water is at rest in the entire 
system, the water in the surge tank being at the same level as 
in the forebay. When the gate is suddenly opened, full-load flow 
is immediately drawn from the surge tank and the level suddenly 



230 ELEMENTS OF HYDRAULICS 

drops by an amount called the "draw-down," and then oscillates 
until constant normal flow is established in the conduit. Under 
normal operating conditions the level of the water in the surge 
tank is then at a distance H below the level of the forebay, where 
H denotes the total head lost in the conduit for normal flow. In 
shutting down the plant, a sudden closing of the gate causes an 
upward surge in the surge tank, and the water level again oscil- 
lates up and down until the motion dies away and the water 
once more comes to rest. 

The problem is, then, to find the maximum draw-down when 
starting the plant, and the upward surge when shutting down. 
The expression for this change in level, or surge, will be derived 
by applying the principle of work and energy. 

Consider first the case when the plant is starting up, and calcu- 
late the changes in work and energy which take place when the 
water in the conduit flows a distance dx. The kinetic energy of 
flow in the conduit at velocity v is 

, . .. 1/2 62.4aL , 

kinetic energy = y^ mv^ = — ^ — • t;'. 

The rate of change of this kinetic energy with the time is, then, 

d /T^ T-. N 62.4aL dv 

di (^-^-^ = - r~ • "di- 

Consequently the total change in kinetic energy in the time dt 
during which the particles move a distance dx = vdt, is 

. ^ /T^T7\ji Q2AaLvdv 
change in K.E. = -,- (K.E.)rf^ = — 

The work done on the water entering the conduit during a motion 
dx is equal to the kinetic energy this water acquires, namely, 

The work expended in overcoming friction is 

work expended in friction = 62.4a/dx, 

but since the friction head is proportional to the square of the 
velocity, we have 

f = F 

where F denotes the friction head at the velocity V, and conse- 
quently the above expression may be written 

work expended in friction = 62.4 adx • Fy-^* 



v^ 
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FinaUy, remembering that the plant is assumed to be starting up, 
the potential energy given up by the water in the surge tank is 

potential energy used = 62.4 -asdx. 

Therefore, by equating the total work done to the kinetic energy- 
acquired, we have 

ctn A J %2AaLvdv . 62Aadxv^ , ^^ . j r, ^^ 

Q2Aa8dx = p: — + Q2AadxF ,,^ 

g 2g V^ 

Substituting dx = vdt and then dropping the common factors 
62.4 av, this reduces to 

L dv _ _ IT ^* _ *^^ 
gdi'^'^V^^Yg 

To simplify this expression, note that in the case of steady flow 

dv 
V becomes F, -, = 0, and s takes the value Hj where H denotes 

the total head lost in the conduit. Substituting these simul- 
taneous values in the differential equation, it becomes 

= H -F -^ , 

2sf 

whence 

y2 

Using this relation, the differential equation simplifies into 

Lf dv v^ 

^ JI = s - H ^, (149) 

A second fundamental equation may be obtained from the 
condition for continuous flow, namely, that the volume flowing 
through the conduit in any small interval of time dt must equal 
the sum of the change in volume in the surge tank and the vol- 
ume flowing through the penstock in the same interval. 

Since the rate at which the level in the surge tank is rising or 

ds hs 

falling is -rz' its change of volume in a unit of time is A ] , In 

starting up, assuming that the full-load flow is immediately 

drawn from the surge tank, the amount flowing out through the 

penstock per second is g, while the amount coming in through 

the conduit per second is aVy and consequently the amount drawn 

from the surge tank per second is q — av; whence 

. ds 

A , ■ = 0' — av. 
at 
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For full-load flow we have 9 = Q, and therefore this relation may 
also be written 

Differentiating this equation with respect to the time i^ we have 

. AH dv 

and eliminating -g between this relation and the original differ- 
ential equation, the result is 



d«8 
dt* 



--^['-"U 



Substituting in this relation the value of v obtained from the 
condition for continuous flow, namely, 

a 
the result is finally 

d^s _ Hg / _ ^ds\ » ags ^ 

This differential equation embodies all the conditions of the 
problem; and its integral is the required solution. So far, how- 
ever, no one has succeeded in obtaining its integral by any direct 
method.^ The simplest solution, and in fact the only one ob- 
tained so far which does not involve an erroneous assumption, 
is that due to Professor I. P. Church of Cornell University, 

* This differential equation has been obtained independently by Db. 
I). I J. Webster of the Physics Department of Harvard University, and 
Prof. Franz Prasil, but neither of them succeeded in integrating it in 
its general form. To ofTect its integration both made the assumption that 
the friction head is proportional to the first power of the velocity instead 
of to its square. Under this assumption, the differential equation reduces 
to that for a damped harmonic osciUation, the solution of which is well 
known. 

Tor Wf:bster's derivation see "Penstock and Surge Tank Problems," 
l)y M. M. Waurex, Trans. Am. Soc. C. E., vol. Ixxix, 1915. For Prasil's 
derivation see "Surge Tank Problems," authorized translation by E. R. 
Weinmann and D. R. Cooper, Canadian Engineer^ vol. xxvii, 1914. Alao 
reprint in pami)hlet form of this series of articles. 
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which consists in plotting the integral curve from its differential 
equation by means of successive tangents and points of tangency.^ 
To carry out this method; eliminate dt between the two rela- 
tions 



A^ = - av = a(7 - t^) 



and 



Ldv 



0' 



Instead of the above differential equation we then have the 
equivalent relation 

sds — ™ v^ds = -^ {Vdv — vdv) 
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Fig. 183. 

which contains only two variables^ 8 and v. Integrating this 
between the limits zero and S for s and the corresponding limits 
zero and V for v, we have 

r« H r^ La ry 



which becomes 






LaV\ 

Ag ' 



In this relation the quadrature Jl^v^ds can be evaluated only 
when the relation between v and s is known. 

To obtain such a relation between v and a let AC, Fig. 183, 

1 See discaflsion of Warren's article on '' Penstock and Surge Tank 
Problems^" by I. P. Church, Trans. Am. Soc. C. E., vol. Ixxix, 1915, p. 
272. 
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denote the initial level in the surge tank at the beginning of 
the surge, and BD the level at the end of the first downward 
surge; in which ease the distance CD = jS. At any instant 
during the surge let v denote the velocity of flow in the conduit, 
and 8 the distance of the surface level in the siu^e tank below its- 
initial position AC. Then by putting the differential equation 
in the form 

ds _ La V — V 

dv "Ag" H ;' 

ds 
for any pair of values of v and s, the value of the slope -r at this 

point is determined. In particular, at Ay which represents the 
beginning of the surge, we have v = and 8 = and therefore 
tan i> = oc ; whereas at Z), which represents the end of the first 
downward surge, we have s = S, v = V and tan i? = 0. Using 
numerical data, it was found by Professor Church that the en- 
velope of the tangents so determined was very approximately 
the quadrant of an ellipse. 

The equation of an ellipse referred to the given axes with 
origin A is 

Sv = V{S - Vs^ -^8^)' 

Substituting this relation in the quadrature and integrating, 
its value is found to be 



f 



Subsituting this value in the differential equation, its complete 

integral is 

LaV^ 
>S2 - 0.1917//*S = y-f 

whence 

S = 0.0958tf + J^^^ ' + 0.00918^'. 

As an approximation sufficiently accurate for all practical pur- 
poses we may therefore write 

which is the required formula. 
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tial Porta 



This formula gives the maximum draw-down at starting up 
due to a sudden full opening of the penstock gates. For a sudden 
shutdown the sign of s is reversed, and the upward surge attains 
the same value S as the maximum draw-down, but is measured 
from the initial level which in this case is at a distance H below 
the static level in the forebay. Referring both the upward and 
downward ^urge to the static level in the forebay, we may there- 
fore say that the maximum rise in the surge tank above this level 
is less than the maximum draw- 
down below it by the amount H of 
the friction head lost in the con- 
duit at the normal velocity of 
flow V. 

229. Differential Surge Tank.— 
The differential surge tank is a 
modification of the ordinary surge 
tank, its function being to throttle 
the surges.^ Pig. 184 shows in out- 
line a surge tank of this type 
erected by the Salmon River Power 
Co. near Altmar, N. Y. Its func- 
tion is to absorb the energy of a 
column of water 9,625 ft. long and 
from 11 to 12 ft. in diameter. It 
consists of an elevated steel tank, 
50 ft. in diameter and 80 ft. high, 
with a hemispherical bottom which 
adds 25 ft. to its height, connected 
with the distributor for the power-house penstocks by a 12-ft. 
riser. Inside of the tank is an interior riser 10 ft. in diameter 
flaring to a diameter of 10 ft. 8 in. at bottom and 15 ft. at top. 
As the riser to the tank is 12 ft. in diameter, this leaves an annulai 
opening 8 in. wide between the risers at the bottom of the tank. 
This opening is divided into 12 spaces forming the differential 
ports. The action of the surge tank is therefore as follows: 
When part of the load is thrown off the power station and the 
upward wave begins in the riser to the tank, a part of the volume 
is deflected through these ports into the main tank, thereby 

* Invented by R. D. Johnson, Hydraulic Engineer of Ontario Power Co. 
See A. S. M. E. PamphUi No. 1,204, 1908; also Eng. Record, July, 18, 1914, 
p 82. 




Fio. 184. — Differential surge 
tank. 
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When the 



reduciDg the ultimate height of the lerd in the 
wave recedes, water flows throu^ the porta into the 
decreasing the depth of the surge. The greater the 
in elevation between the levels in the tank and the naer^ 
win be the volume of flow through the port& The actioa 
fore tends to throttle the surges. 

The best precaution against hydraulic shodc of this nature 
been found to be the use of slow-dosing valreB. Air 
placed near the valves have also been found dfective if hept 
with air, and safety valves of course reduce the ahoek to m 
sure corresponding to the strength of spring used. 
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XLIL HTDRAUUC RAM 



230. Prindple of Operation. — A useful application of water- 
hammer is made in the hydraulic ram. In iHineipIe, m hyvbauEc 
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Fi V I So. — Rife hydraulic ram. 

ram is an auiomario puiv.p by which the water-hammer produced 
*"•'' suddenly chookir.i: n <:rta:n of running water is used to force 
« '^f that w:iUT to :\ liigher elevation. 

I the iiu :i.od of operation, a cross-section of a ram 
; ISo. The ram is located below the level of the 
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supply water in order to obtain a flow in the drive pipe. If 
located some distance from the supply, the water is first con- 
ducted to a short standpipe, as shown in Fig. 186, and from here 
a drive pipe of smaller diameter than the supply pipe conducts 
the water to the ram. The object of this arrangement is to 
utilize the full head of water available without making the drive 
pipe too long for the capacity of the ram. 



Sprint 



Open Stand Pipe 



Water Level 




' f,ynw. y j ' 7" 



Fig. 186. 

Referring to Fig. 186, the water flowing m the drive pipe A at 
first escapes around the valve C, which is open, or down. This 
I)ermit8 the velocity of flow to increase until the pressure against 
C becomes sufficient to raise it against its seat B. Since the 
water can then no longer escape through the valve C, it enters the 
air chamber E through the valve P, thereby increasing the pres- 
sure precisely as in the case of water-hammer discussed in the 
preceding article. When the pressure in E attains a certain maxi- 
mum value, the flow is checked and the valve D falls back into 




Fia. 187. 

place, closing the opening and trapping the water which has 
already entered the chamber E. The pressure in E then forces 
this water into the supply pipe F, which delivers it at an elevation 
proportional to the pressure in E. 

Hydraulic rams are also so built that they can be operated 
from one source of supply and pump water from a different 
souroe (Fig, 187). Muddy or impure water from a creek or 
stream may thus be used to drive a ram, and the water pumped 
from a pure spring to the delivery tank. 
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231. Efficiency of Ram. — The mechanical efficiency of a ram 
depends on the ratio of fall to pumping head, ranging from 20 per 
cent, for a ratio of 1 to 30, up to 75 per cent, for a ratio of 1 to 4. 
Its efficiency as a pump is of course very small, as only a small 
fraction of the water flowing in the drive pipe reaches the delivery 
pipe. The advantages of the hydraulic ram are its small first 
cost, simplicity of operation, and continuous service day and 
night without any attention. 

To obtain an expression for the mechanical efficiency of a ram, 
let: 

H = supply head; 

h = effective delivery head including friction; 
q = quantity delivered; 
Q = quantity wasted at valve. 

Then the total input of energy to the ram is (Q + q)H, and the 
total output is qh. Consequently the mechanical efficiency is 
given by the ratio 

E = ,J-^ 



(Q + q)H 

This is known as d'Aubuisson's efficiency ratio. 

The hydraulic efficiency, however, is the ratio of the energy 
required for delivery to the energy of the supply. Consequently 
its value is 

., lih - H) 

The latter expression is known as Rankine's formula. 

XLm. DISPLACEMENT PUMPS 

232. Pump Tjrpes. — There are two types of pumps in general 
use; the displacement, or reciprocating type, and the centrifugal 
type. In the displacement pump the liquid is raised by means 
of a bucket, piston, or plunger, which reciprocates backward and 
forward inside a cylindrical tube called the pump barrel or cylin- 
der. In the centrifugal pump, as its name indicates, the opera- 
tion depends on the centrifugal force produced by rotation of the 
liquid. 

233. Suction Pump. — One of the simplest forms of displace- 
ment pump is the ordinary suction pump shown in Fig. 188. 
Here the essential parts are a cylinder or barrel C containing a 
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bucket B, which is simply a piston provided with a movable 
valve, permittiDg the water to pass through in one direction only. 
This bucket is made to reciprocate up and down inside the barrel 
by means of a rod E. A suction pipe S leads from the lower 
end of the barrel to the liquid to be raised, and a delivery pipe 
D discharges the liquid at the desired elevation. 

In operation, the bucket starts from its lowest position, and 
as it rises, the valve m closes of its own weight. The closing of 
this valve prevents the air from en- 
tering the space below the bucket, 
and consequently as the bucket rises 
the increase in volume below it causes 
the air confined in this space to ex- 
pand and thereby lose in pressure. 
Aa the pressure inside the suction pipe 
S thus becomes less than atmospheric, 
the pressure outside forces some of 
the liquid up into the lower end of the 
pipe. 

When the bucket reaches the top 
of its stroke and starts to descend, 
the valve n closes, trapping the liquid 
already in the suction pipe S and also 
that in the barrel, thereby lifting the 
valve m as the bucket descends. 
When the bucket reaches its lowest 
position, it again rises, repeating the 
whole cycle of operations. At each repetition the water rises 
higher ae it replaces the air, until finally it fills the pump and a 
continuous flow is set up through the delivery pipe, 

231. Maxunum Suction Lift. — Since atmospheric pressure at 
sea level is 14.7 lb, per square inch, a pump operating by suc- 
tion alone cannot raise water to a height greater than the head 
corresponding to this pressure. Since a cubic foot of water 
weighs 62,4 lb., the head corresponding to a pressure of one atmos- 
phere is 

h = ^^■'^ = '^-^ 
62.4 0.434 " 




Fia. 188. — Suction pump. 



= 33.95 ft., 



which is therefore the maximum theoretical height to which water 
can be lifted by suction alone. As there are frictional and other 
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losses to be considered, the actual suction lift of pumps is only 
about two-thirds of this amount, the practical lift for di£Ferent 
attitudes and pressures being as given in the following table. 



Altitude 


Barometric 
pressure 


Equivalent head 
of water 


Practical Buction 
lift of pump6 


Sea level.. . . 


14.70 lb. per sq. in. 


33.95 ft. 


22 ft. 


1/4 mile. . . 


14.02 lb. per sq. in. 


32.38 ft. 


21ft. 


1/2 mUe... 


13.33 lb. per sq. in. 


30.79 ft. 


20 ft. 


3/4 mae... 


12.66 lb. per sq. in. 


29.24 ft. 


18 ft. 


1 mile 


12.02 lb. per sq. in. 


27 . 76 ft. 


17 ft. 


1-1/4 miles. 


11.42 lb. per sq. in. 


26.38 ft. 


16 ft. 


1-1/2 mUes. 


10.88 lb. per sq. in. 


25.13 ft. 


15 ft. 


2 miles. . . . 


9.88 lb. per sq. in. 


22.82 ft. 


14 ft. 



236. Force Pump. — When it is necessary to pump a liquid to a 
height greater than the suction lift, or when it is desired to equal- 
ize the work between the up and down strokes, a combination 

_ suction and force pump may 
;-i 1=^^" be used, as shown in Fig. 189. 
In the simple type here illus- 
trated, the bucket is replaced 
by a solid piston, the movable 
valves being at m and n as 
shown. On the up stroke of 
the piston the valve m closes 
and the pump operates like a 
simple suction pump, filling 
the barrel with liquid. When 
the piston starts to descend, 
the valve n closes, and the 
liquid in the barrel is there- 
fore forced out through the 
valve m into the delivery 
pipe D. 

By making the suction and 
pressure heads equal, the 
piston can therefore be made to do the same amount of work on 
the down as on the up stroke; or the entire suction head may be 
utilized and the pressure head made whatever may be necessary. 
236. Stress in Pump Rod. — To find the pull P on the pump rod 
E for the type shown in Fig. 188, let A denote the area of the 
bucket and hi, ht, the heads above and below the baeketi 




FiQ. 189. — Combined suction and 
force pump. 
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indicated in the ^ure. Then the downward preaeure Pi on top 
of the bucket ia 

P, = 14.7A + 62.4A,A, 
and Che upward pressure Pt on the bottom of the bucket is 

P, = U.IA - 62.4Ai4. 
Therefore tiie total pull P Id the rod is 

P - Pi - Pi = G2.iA(hi + h,) = 62.4AA. 
If I denotes the length of the stroke, the work done per stroke is 
then 

work per stroke = PI = 62.iAkl. 
For the combined suction and pressure type shown in Fig. 189, 
the pressure in the rod on the down stroke is 

P = 62.4^ft,, 
and the tenstoD in the rod on the up stroke is 
P - 62.4AA,. 




Fia. 100. — Direct acting steam pump. 

337. Direct-driven Steam Pump. — The modern form of 
retuprocating power pump of the suction and pressure type is the 
diiect'driven steam pump, illustrated in Figs. 190 and 191. In 
this type the steam and water pistons are on opposite ends of 
^e same piston rod and therefore both have the same stroke, 
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although their diameters are usually different. Until recently 
this was the standard type of general service pump, being used 
for all pressures and capacities, from boiler-feed pumps to muni- 
cipal pumping plants. Although the centrifugal type is rapidly 
taking its place for all classes of service, the displacement pump 
is the most efficient where conditions demand small capacity 
at a high pressure, as in the operation of hydraulic machinery. 
Fig. 192 illustrates the use of a displacement pump in connection 
with a hydrauUc press. The best layout in this case would be 
to use a high-pressure pump and place an accumulator (Par. 14) 
in the discharge hne between pump and press. The press cylin- 
der can then be filled immediately at the maximum pressure and 
the ram raised at its greatest speed, the pump running meanwhile 
at a normal speed and storing excess power in the accumulator. 

238. Calculation of Pump Sizes. — To illustrate the calculation 
of pump sizes, suppose it is required to find the proper size for 
a duplex {i.e., two cyUnder, Fig. 191) boiler-feed pump to supply 
a 100-h.p. boiler. 

For large boilers the required capacity may be figured as 34J^ 
lb. of water evaporated per hour per horse power. For small 
boilers it is customary to take a larger figure, a safe practical 
rule being to assume Ko gal- P^r minute per boiler horse power. 

In the present case, therefore, a 100-h.p. boiler would require a 
supply of 10 gal. per minute. Assuming 40 strokes per minute 
as the limit for boiler feed pumps, the required capacity is 

TTT = 0.25 gal. per stroke. 
40 

Therefore, assuming the efficiency of the pump as 50 per cent., 
the total capacity of the pump per stroke should be 

j^-^^ = 0.5 gal. per stroke. 
U.oO 

Since we are figuring on a duplex, or two-cylinder, pump, the 
required capacity per cylinder is 

-^ = 0.25 gal. per stroke per cylinder, 

and consequently the displacement per stroke on each side of the 

piston must be 

25 

-^ = 0.125 gal. piston displacement. 

Referring to Table 7 it is found that a pump having a water cylin- 
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der 2^ in. in diameter, with a 5-in. stroke, will have the required 
capacity. 

239. Power Required for Operation. — ^To find expressions for 
the horse power and steam pressure required to operate a dis- 
placement pump, let: 

Q = discharge of pump in gallons per minute; 

h — total pumping head in feet (including friction and suction 

head if any) ; 
D = diameter of steam piston in inches; 
d = diameter of water piston in inches; 
p = steam pressure in pounds per square inch; 
w = water pressure in pounds per square inch; 
n = nimiber of full strokes (i.e., roimd trips) per minute; 
c = number of pump cylinders {e.g., for duplex pump, Fig. 

191, c = 2); 
i = length of stroke in inches; 
E = efficiency of pump. 

Since a gallon of water weighs 8.328 lb., the total work per 
minute required to raise the given amoimt Q to the height h is 

work = 8.328QA ft.-lb. per minute. 

Taking into account the efficiency of the pump, the actual 
horse power required is therefore 

H"- - ^- - »•«»»¥• («») 

240. Diameter of Pump Cylinder. — ^If the pump makes n full 
strokes per minute, the piston displacement per minute for each 
cylinder is 

2«(f'). 

and the actual effective displacement of the pump per minute is 
effective displacement = 2ncE i-^lj c\x. in. per minute. 

Equating this to the required discharge Q, expressed in cubic 
inches per minute, we have 

2ncB(^^) = 231Q, 

whence the required diameter of the pump cylinder in terms of the 
speed is found to be 
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241. Steam Pressure Required for Operation. — Since the total 
pressure on the steam piston cannot be less than that on the 
water piston, the minimum required steam pressure, p, is given by 
the relation 

whence 

p = 0,434h^)*. (164) 

242. Numerical implication. — ^To illustrate the application of 
these results, suppose it is required to determine the indicated 
horsepower to operate a fire engine which delivers two streams of 
250 gal. per minute each, to an effective height of 60 ft. 

Since the height of an effective fire stream is approximately 
four-fifths that of the highest drops in still air, the required head 
at the nozzle is 

jh = Jx 60 = 75 ft. 
4 4 

To this must be added the friction head h/ lost in the hose 
between pump and nozzle, which is given by the relation (Par. 99) 

where I is the length of the hose and d its diameter, both expressed 
in inches, v is the velocity of flow through the hose, and / is an 
empirical constant. For the best rubber-lined hose, / = 0.02 
for the first 100 ft. of hose and 0.0025 for each additional 100 ft. 
whereas for unlined hose / = 0.04 for the first 100 ft. and 0.005 
for each additional 100 ft. In the present case, assiuning 100 ft. 
of the best 2)4-in. rubber-lined hose, we have/ = 0.02, and since 
the quantity of water delivered is 

Q == 250 X jifoQ ^^* ^^' P®^ minute, 

and the area of the hose is 

. xd* t(2.5)« .^^q 
A = — r = A = 4.908 sq. m., 
4 4 

the velocity of flow in the hose is 

V s= . = 16.3 ft. per second. 
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Consequently the friction -head h/ is 

hf = 0.02 -|^ -^^^ = 39.6, say 40 ft., 

and therefore the total pumping head H is 

H = 75 + 40 = 115 ft. 

From Eq. (103) the total horse power required, assuming a pump 
efficiency of 50 per cent., is then found to be 

H.P. = 0.00025 ^^^-^ = 28.75. 

Assuming the efficiency of the engine to be 60 per cent., the total 
indicated horse power required would be 



XLIV. CENTRIFUGAL PUMPS 

243. Historical Development. — The centrifugal pump in its 
modern form is a development of the last 15 years although as a 
type it is by no means new. The inventor of the centrifugal 
pump was the celebrated French engineer Denis Papin, who 
brought out the first pump of this type in Hesse, Germany, in 
1703. Another was designed by Euler in 1754. These were 
regarded as curiosities rather than practical machines until the 
type known as the Massachusetts pump was produced in the 
United States in 1818. From this time on, gradual improve- 
ments were made in the centrifugal pump, the most important 
being due to Andrews in 1839, Bessemer in 1845, Appold in 1848, 
and John and Henry Gynne in England in 1851. Experiments 
seemed to show that the best efficiency obtainable from pumps of 
this type ranged from 46 to 64 per cent, under heads varying 
from 4)^ to 15 ft., and 40 ft. was considered the maximum head 
for practical operation. 

About the year 1901 it was shown that the centrifugal pump 
was simply a water turbine reversed, and when designed on simi- 
lar lines was capable of handling heads as large, with an efficiency 
as high, as can be obtained from the turbines themselves. Since 
this date, great progress has been made in both design and con- 
struction, the efficiency of centrifugal pumps now ranging from 
65 to over 90 per cent., and it being possible to handle heads as 



ENERGY OF FLOW 247 

high as 300 ft. with a single-st-age turbine pump and practically 
any head with a multi-stage type.^ 

The advantages of the centrifugal over the displacement 
type are it« greater smoothness of operation, freedom from water- 
hammer or shock, absence of valves, simplicity and compactness, 
and its adaptabiUty for driving by belt or by direct connection to 
modern highnspeed prime movers, such as steam turbines, gas 
engines and electric motors. Under favorable conditions the 
first cost of a high-lift centrifugal pump may be as low as one- 
third that of a displacement pump, and the floor space occupied 
one-fourth that required by the latter. However, for small 
quantities of water discharged under a high head the displace- 
ment pump is preferable to the centrifugal type, as the latter 
requires too much compounding under such conditions. 

244. Principle of Operation. — The principle on which the 
original centrifugal pumps of Papin and Euler operated was 
simply that when water is set in rotation by a paddle wheel, the 
centrifugal force created, forces the water outward from the cen- 
ter of rotation. Appold discovered that the efficiency depended 
chiefly on the form of the blade of the rotary paddle wheel, or 
impeller, and the shape of the enveloping case, and that the best 
form for the blade was a curved surface opening in the opposite 
direction to that in which the impeller revolved, and for the case 
was a spiral form or volute. The first engineer to discover the 
value of compounding, that is, leading the discharge of one cen- 
trifugal pump into the suction of another similar pump, was the 
Swiss engineer Sulzer of Winterthur, who was closel}- followed by 
A. C. E. Rateau of Paris, France, and John Richards and Byron 
Jackson of San Francisco, Cal. 

In its modern form, the power applied to the shaft of a cen- 
trifugal pump by the prime mover is transmitted to the water by 
means of a series of curved vanes radiating outward from the 
center and mounted together so as to form a single member called 
the impeller (Fig. 193). The water is picked up at the inner edges 
of the impeller vanes and rapidly accelerated as it flows between 
them, until when it reaches the outer circumference of the impeller 
it has absorbed practically all the energy applied to the shaft. 

1 Rateau found by experiment that with a single impeller 3.15 in. in 
diameter, rotating at a speed of 18,000 r.p.m., it wai$ possible to attain a 
head of 863 ft. with an efficiency of approximately 60 per cent. Engineer^ 
Mar. 7, 1902. 
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Hollow arm impeller. Concave arm impeller. 




Sand pump impeller. Opea impeller used in sewage pumps. 




Euclosed Bide auction impeller. Encloaed double suctioa impeUei 

Fia. 193.— Impeller typet. (Courtwy ilorrU Machint Wm^kt.) 
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246. Ini^eller Fonns. — There are two general forms of impel- 
ler, the open and the closed types. In the former the vanes are 
attached to a central hub but are open at the sides, revolving 
between two stationary side plates. In the closed type, the 
vanes are formed between two circular disks forming part of 
the impeller, thus forming closed passages between the vanes, 
extending from the inlet opening to the outer periphery of the 
impeller. The friction loss with an open impeller is considerably 
naore than with one of the closed type, and consequently the 
dengn of pumps of high efficiency is limited to the latter. 

1M6. Conversion of Kinetic Energy into Pressure. — As the 
water leaves the impeller with a high velocity, its kinetic energy 




Fia. 194. 



forms a considerable part of the total energy and the efficiency 
of the pump therefore depends largely on the extent to which this 
kinetic energy is converted into pressure in the pump casing. 

In some forms of pump no attempt is made to utilize this 
kinetic energy, the water simply discharging into a concentric 
chamber surroimding the impeller, from which it flows into a 
discharge pipe. The result of such an arrangement is that only 
the pressure generated in the impeller is utilized and all the kinetic 
energy of the discharge is dissipated in shock and eddy formation. 

2A7. Vohste Casing. — ^This loss of kinetic energy may be par- 
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tially avoided by making the casing spiral in section, bo that the 
Bcctional area of the discharge passage increases uniformly, 
making the velocity of flow constant (Fig. 194). This type of 
casing is called a volute chamber (Fig. 195). 

When the volute is properly designed, a high efficiency may be 
obtained with this type of casing.^ 




Fig. 195 — Double-auction volute pump, Piatt Iron Works Co. 

248. Vertex Chamber. — An improvement on the simple volute 
chamber is that known as the whirlpool chamber, or vortex 
chamber, suggested by Professor James Thomson. In this type 
the impeller discharges into a concentric chamber considerably 
larger than the impeller, outside of and encircling which is a 
volute chamber. In its original form this necessitated exces- 
sively large dimen.sions, but in a modified form it is now very 
generally used (Figs. 190 and 197). 

The effectiveness of this arrangement depends on the principle 
of the conservation of angular momentum. Thus, after the 
water loaves the impeller no turning moment is exerted on it 
(neglecting frictional resistance) and consequently as a given 

' With the Do Ltivikl volute type of centrifugal puuip shown in Pig. 196i 
efhcicnciea as high as 85 pet cent, have been obtained under favorable 
lionditions. 
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Fia. 197. — LoDgitudinal Bection of Atbencer volute pump. 
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mass of water moves outward, its speed decreases to such an 
extent as to keep its angular momentum constant. For a well- 
des^ed vortex chamber, the velocity of the water at the outside 
of the diffusion space is less than tiie velocity of the water as it 
leaves the impeller in the inverse ratio of the radii of these points, 
and if this ratio is lai^, a large part of the kinetic eaet^ of the 
discharge may therefore be converted into pressure head iu 
this manner. This method of diffusion is therefore well adapted 
to the small impellers of high-speed pumps, since tiie ratio of the 
outer radiuB of the diffusion chamber to the outer radius of the 
impeller may be made large without unduly increasing the aixe of 
the casing. 




Fia. 198. — DiSusioQ ring. 

249. Diffusion Vanes. — Another method for converting the 
kinetic energy of discharge into pressure head consists in an 
application of Bernoulli's law as illustrated in the Venturi tube; 
namely, that if a stream flows through a diverging pipe the initial 
velocity head is gradually converted into pressure head without 
appreciable loss. To apply this principle to a centrifugal pump, 
the impeller is surrounded by stationary guide vanes, or diffusion 
vanes (Fig. 198), so designed as to receive the water without 
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■hook on leavii^ the impeller and conduct it by gradually diverg- 
ing passages into a vortex chamber or volute casing. This type of 
construction is therefore essentially a reversed turbine, and is 
commonly known as a turbine pump (Fig. 199). 



SIDE SECTIONAL VIEW 

Fia. 199. — Albergei two-etage turbine pump. 

The angle which the inner tips of the diffusion vanes make 
with the tangents to the discharge tircle is calculated exactly 
as in the case of the inlet vanes of a turbine, that is, so that they 
shall be paraUel to the path of the water as it leaves the impeller. 
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A3 this angle changes with the speed, the angle which is correct 
for one speed is incorrect for any other agd may actually obstruct 
the discharge. A turbine pump must therefore be designed for 
a particular speed and discharge, and when required to work 
under variable conditions loses considerably in efficiency. If 
the conditions are very variable, the vortex chamber type is 
preferable, both by reason of its greater average efficiency under 
such conditions and also on account of its greater simphcity and 
cheapness of construction. 

260. Stage Pumps. — Single impellers can operate efficiently 
against heads of several hundred feet, but for practical reasons it 




Fia. 200. — Worthington two-stage turbine pump. 



is desirable that the head generated by a single impeller should 
not exceed about 200 ft. When high heads are to be handled, 
therefore, it is customary to mount two or more impellers on the 
same shaft within a casing so constructed that the water flows 
successively from the discharge of one impeller into the suction 
of the next. Such an arrangement is called a stage pump, 
and each impeller, or stage, raises the pressure an equal amount. 
Fig. 200 shows a multi-stage pump of the turbine type and 
Fig. 201 one of the volute type. 

A single impeller pump may be either of the side-suction or 
double-suction type. In the latter, half of the flow isreceived on 
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each aide of the impeller which is therefore perfectly balanced 
against end thrust (Fig. 196). A side-suction pump, however, is 
simpler in construction, and it is also possible to balance them 
hydraulically against end thrust (Fig. 197). In stage pumps the 
device sometimes used for balancing is to arrange the impellers 
in pairs so that the end thrust of one impeller is balanced by 
the equal and opposite end thrust of its mate. 




Fia. 201. — De Laval three-stage volute pump. 



XLV. PRESSUKE DEVELOPED IN CENTRIFUGAL PUMP 

251. PresBure Developed in Impeller. — The pressure produced 
in a centrifugal pump must be sufficient to balance the static and 
frictional heads. When there is no volute, vortex chamber or 
diffusor, the kinetic energy of the discharge is all dissipated and 
the entire change in pressure is produced in the impeller. If, 
however, the velocity of discharge is gradually reduced by means 
of one of these devices, a further increase in pressure is produced 
in the casing or diffusion space, and if a diverging discharge pipe 
is used the pressure is still further increased. 

The change in pressure which is produced in passing through 
the impeller may be deduced by applying Bernoulli's theorem. 
For this purpose it is convenient to separate the total difference 
in pressure between the inlet and discharge circles into two com- 
ponents; one due to the rotation of the water in a forced vortex 
with angular velocity tu, and the other due to the outward flow, 
i.e., the relative motion of the water with respect to the vanes of 
the impeller. Let the subscripts 1 and 2 refer to points on the 
inlet and discharge circles respectively. Then the radii of 
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these circles will be denoted by ti, r^; the pressure at any point 
OD these circles by pi, pt, etc. Also let u denote the angulax 




Fia. 202. — Detail of labyrinth rinp in pump ahowD in Fig. 201. 



velocity of rotation of the impeller, and Ui, Ui the tangential 
velocities of the vanes at their inner and outer ends (Fig. 203), 
in which case Wi = ri« and «» = rjw. 
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Applying BemouU's theorem to the change in pressure pro- 
duced by rotation alone, we have therefore 

Pi «*ri* _ pi (ah'2^ 

7 " '^ " 7 "" W 
Consequently the total change in pressure due to rotation, say 
Pr where Pr '=^ Pi — Pu is given by the relation 

7 7 2g^^' ""'^ 2g 

This expression is often called the centrifugal head. 
By similar reasoning the change in pressure produced by the 
outward flow is given by the relation 

y^2g y '^~2g' 

whence v't ~ v'\ ^ t^i' - W2^ 

7 2(/ 

If the water enters radially, ^1 = 90° and consequently Wi^ = 
vi^ + t^i*. In this case, denoting the difference in pressure at 
inlet and exit due to the flow by p/, where p/ = p'2 — p'l, we 
have 

Pf ^ p\ — p\ ^ ^i^+y^y^jz ^2^ 
7 7 2g ' 

The total increase in pressure in the impeller between the inlet 
and discharge ends of the vanes is therefore given by the relation 

Pr + Pf __ ^1^ + t^l ' — W 2^ + U2^ — Til* _ Vi^ + Ui^ — l/'j^ 
y - -^ - - 2^ 

262. Pressure Developed in Diffusor. — Besides the increase in 
pressure produced in the impeller, the use of a suitable diffusion 
chamber permits part of the kinetic energy at exit, due to the 
absolute velocity v^ of the discharge from the impeller, to be 
converted into pressure. Thus if k denotes the fraction of this 
kinetic energy which is converted into pressure in the diffusor, 

the expression derived above is increased by the term fr^ . When 

diffusion vanes are used, as in a turbine pump, the value of k may 
be as high as 0.75, and for a vortex chamber it may reach 0.60. 

263. General Expression for Pressure Head Developed. — 
Combining the terms derived above, the total pressure head // 
developed by the pump is given by the simple expression 

„ kVj^ + Vl^ + Uo2 - Wo2 

H = 2^ (150) 

17 
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In applying this formula it is convenient to note that the total 
head H developed in the pump consists of three termSi as follows: 

.2 



Vi 



2- = head at eye (entrance) of impeUer; 



«t 



I _ 



Wi' 



2g 



kv,* 
2g 



— head developed in impeller; 

— head developed in casing or diffusor. 



XLVL CENTRXFUGAL PUBIP CHARACTERISTICS 

264. ^ect of Impeller Design on Operation. — ^The greatest 
source of loss in a centrifugal pump is that due to the loss of the 
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.^$^*' 



to Blade W2 




Fia. 204. 

kinetic energy of the discharge. As only part of this kinetic 
energy can be recovered at most, it is desirable to reduce the 
velocity of discharge to as low a value as is compatible with effi- 
ciency in other directions. This may be accomplished by curving 
the outer tips of the impeller vanes backward so as to make the 
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discharge angle less than 90^. The relative velocity of water and 
vane at exit has then a tangential component acting in the oppo- 
site direction to the peripheral velocity of the impeller, which 
therefore reduces the absolute velocity of discharge. This is 
apparent from Fig. 204 in which the parallelogram of velocities 
in each of the three cases is drawn for the same peripheral velocity 
ut and radial velocity at exit Wt sin $2. A comparison of these 
diagrams indicates how the absolute velocity at exit V2 increases 
as the angle $t increases. The backward curvature of the vanes 
also gives the passages a more imiform crossHsection, which is 
favorable to efficiency. The average value of t^2 at exit is about 
30^ 

The effect which the design of the impeller has on the operation 
of the piunp is most easily illustrated and understood by plotting 
curves showing the relations between the variables imder con- 
sideration. Assmning the speed to be constant, which is the 






III 



usual condition of operation, three curves are necessary to com- 
pletely illustrate the operation of the pump; one showing the 
relation between capacity and head, one between capacity and 
power, and one between capacity and efficiency. The first of 
these cmrvesis usually termed the characteristic. 

266. Rising and Drooping Characteristics. — The principal fac- 
tor influencing the shape of the characteristic is the direction of 
the tips of the impeller blades at exit, although there are other 
factors which affect this somewhat. If the tips are curved for- 
ward in the direction of rotation the characteristic tends to be of 
the rising type, whereas if they curve backward the characteristic 
tends to be of the drooping type (Figs. 205 and 206). For a ris- 
ing characteristic the head increases as the delivery increases and 
consequently the power curve also rises, since a greater discharge 
against a higher head necessarily requires more power (Fig. 207). 
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A drooping power curve may be obtained by throttling at the 
eye of the impeller, but a greater efficiency results from designing 
the impeller so as to give this form of curve normally. 




Fio. 207. 

For a high-lift pump under an approximately constant head, 
as in the case of elevator work, a pump with radial vanes is most 
suitable as the discharge may be varied with a small alteration 
in delivery head. This is also true for a pump working under a 
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falling head, as in the case of emptying a lock or dry dock, as it 
makes it poBsible to obtain a large increase in the discharge as 
the head diminishes, thereby saving time although at a loss of 



262 ELEMENTS OF HYDRAULICS 

One of the most important advantages of a drooping char- 
acteristic (Fig. 208) is that it is favorable to a drooping power- 
delivery curve, making it impossible for the pump to overload 
the driving motor. For an electrically driven pump, in which 
the overload is limited to 20 per cent., or at most 25 per cent., of 
the normal power, backward-curved vanes are therefore essential. 
Moreover, with a pump designed initially to work against a 
certain head, if the vanes at exit are radial, or curved forward, 
the possible diminution in speed is very small, the discharge 
ceasing altogether when the speed falls slightly below normal. 
As the backward curvature of the vanes increases the range of 
speed also increases, and consequently when the actual working 
head is not constant, as in irrigation at different levels, or in 
delivering cooling water to jet condensers in low-head work, 
where the level of the intake varies considerably, a pump with 
drooping characteristic is -much better adapted to meet varying 
conditions without serious loss of efl5ciency. 

266. Head Developed by Pump. — These facts may be made 
more apparent by the use of the expression for the head developed 
by the piunp, derived in the preceding article. Considering only 
the head developed in the impeller and casing, and omitting that 
due to the velocity of flow at entrance, vi, which does not depend 
on the design of the pump, the expression for the head developed 
is 



H = 



2g 



Since V2 is the geometric resultant of U2 and Wt, we have by the 
law of cosines, 

V2^ = W2^ + ti?a* — 2U2W2 cos $t. 

For an ideal pump, that is, one in which all the velocity head ^ 

is converted into pressure head in the diffusor, k is unity. As- 
suming A; = 1 and substituting the expression for v%^ in the equa- 
tion for H, the result is 

rj W2* — ti2W?2 COS 02 
Jtl = — • 

Q 
For constant speed of rotation, U2 is constant. 

For forward-curved vanes 62 is greater than 90® and therefore 
cos 62 is negative. In this case as W2 increases H also increases; 
t.6., the greater the delivery the greater the head developed. 
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For radial-tipped vanes, 6t ~ 90^ and cos ^2 » 0. In this case 

H = — -, which is constant for all deliveries. 
9 

For backward-curved vanes $t is less than 90° and cos 02 is 
positive. Consequently in this case as the delivery increases the 
head dinunishes. 

Although these relations are based on the assumption of 
a perfect pump, they serve to approximately indicate actual 
conditions, as is evident by inspection of the three types of 
characteristic. 

267. Effect of Throttling the Discharge. — It is always neces- 
sary to imake sure that the maximum static head is less than the 
head devdoped by the pump 0i no discharge. This is self-evi- 
dent for the drooping characteristic, but the rising characteristic 
is misleading in this respect as the head rises above that at shut- 
off. Since for a certain range of head two different outputs are 
possible, it might seem that the operation of the pump under 
such conditions would be imstable. This instability, however, 
is counteracted by the frictional resistance in the suction and 
delivery pipes, which usually amounts to a considerable part of 
the total head. Any centrifugal pump with rising characteristic 
will therefore work satisfactorily if the maximum static head is 
less than the head produced at shut-off. If the frictional resist- 
ance is small it may be increased by throttling the discharge, so 
that by adjusting the throttle it is possible to operate the pump 
at any point of the curve with absolute stability. 

2S8. Numerical Illustration. — The particular curves shown in 
Fig. 209 were plotted for an 8-in., three-stage turbine fire pump 
built by the Alberger Co., New York, and designed to deliver 750 
gal. per minute against an effective head of 290 ft., the pump 
being direct connected to a 75-h.p. 60-tcycle induction motor op- 
erating at a synchronous speed of 1,200 r.p.m. 

The head curve shows that this piunp would deliver two fire 
streams of 250 gal. per minute each, at a pressure of 143 lb. per 
square inch; three streams of 250 gal. per minute each, at a pres- 
sure of 125 lb. per square inch; four streams of 250 gal. per minute 
each, at a pressure of nearly 100 lb. per square inch; or even five 
fairly good streams at a pressure of 80 lb. per square inch. With 
the discharge valve closed the pump delivers no water but pro- 
duces a pressure equivalent to a head of 308 ft. If the head 
against which the pump operates exceeds this amount, it is of 
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course impossible to start the discharge. The head for which 
this particular piunp was designed was 290 ft., which corresponds 
to the point of maximum efHciency. It is therefore appar- 
ent that the operating head must be carefully ascertained in 
advance, for if it is higher than that for which the pump was 
designed, both the efficiency and the capacity are diminiahed, 
whereas if it is lower, the capacity is increased but the efficiency 
is diminished. ' 
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Fig. 209. 

The power curve shows that under low beads the power rises. 
Also that the overload in the present case is confined to about 
12 per cent, of the normal power. Consequently the motor could 
only be overloaded 12 per cent, if all the hose lines should burst, 
whereas the head curve shows that if all the nozzles were shut off 
no injurious pressure would result. 

The efficiency curve always starts at zero with zero capacity, 
as the pump does no useful work until it begins to discharge. 
The desirable features of an efficiency curve are steepness at the 
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two ends, a flat top and a large area. Steepness at the beginning 
shows that the efficiency rises rapidly as the capacity increases, 
whereas a flat top and a steep ending show that it is maintained 
at a high value over a wide range. Since the average efficiency 
is obtained by dividing the area enclosed by the length of the 
base, it is apparent that the greater the area for a given length, the 
greater will be the average efficiency. 

XLVn. EFFICIENCY AND DESIGN OF CENTRIFUGAL PUMPS 

269. Essential Features of Design. — The design of centrifugal 
pumps like that of hydraulic turbines requires practical ex- 
perience as well as detailed mathematical analysis. The general 
principles of design, however, are simple and readily understood, 
as will be apparent from what follows: 

Three quantities are predetermined at the outset. The inner 
radius of the impeller, ri, is ordinarily the same as the radius of 
the suction pipe or slightly less; the outer radius, r2, is usually 
made twice ri ; and the angular speed a? at which the impeller is 
designed to run is fixed by the particular type of prime mover by 
which the pump is to be operated. 

The chief requirement of the design is to avoid impact losses. 
In order therefore that the water shall glide on the blades of the 
impeller without shock, the relative velocity of water at entrance 
must be tangential to the tips of the vanes. 

Assuming the direction of flow at entrance to be radial, which 

is the assumption usually made although only approximately 

realized in practice, the necessary condition for entrance without 

shock is (Fig. 203) 

vi = Ui tan ^1, 

which determines the angle ^i. The relative velocity of water 
and vane at entrance is then 

Wi = y/ui^ + vi^. 

The direction of the outer tips of the vanes, or angle ^2, Fig. 
203, is determined in practice by the purpose for which the pump 
is designed, as indicated in Art XL VI. For an assigned value 
of $2, the absolute velocity of the water at exit is 

Vi^ = ti2^ + W2^ — 2U2W2 cos 62 

and consequently as 62 increases, the absolute velocity at exit, 
vty also increases. 
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Let «i, 82, Hg. 203, denote the radial vdodtjr of flow at en- 
trance and exit, respectively, and Ai, At the ciioiimferential 
areas of the impeller at these points. Then for continiioiis 
flow 81A1 = 8tAt. Usually 81 = 8t, in which case Ai » At. If 
6] and bt denote the breadth of the impefler at inlet and outlet 
respectively, then Ai =» 2wribi and At — 2iwrjbtt and conse- 
quently for ill = At we have bin — b^f Assuming Uie radial 
velocity of flow throughout the impeller to be constant, the 
breadth b at any radius r is given by the relation br » &iri. 

260. Hydraulic and Commercial Eflkiency. — Let IT' denote the 
total effective head against which the pump operates, including 
suction, friction, delivery and velocity heads. Then if w denotes 
the velocity of the water as it leaves the delivery pipe, h the total 
lift including suction and delivery heads, and h/ the friction head, 
we have 

H'^h + kf + g. 

The total theoretical head H developed by the pump, as derived 
in Art XLV, is 

vi^ + kvt^ + Ui* — Wt* 



H = 



2g 



Consequently the hydraulic efficiency of the pump is the ratio <rf 

these two quantities, that is, 

H' 
HydrauUc efficiency = =-• (UW) 

The commercial effi^dency of the pump is the ratio of the work 
actually done in lifting the water through the height h to the 
total work expended in driving the impeller shaft, and is of course 
less than the hydrauUc efficiency. 

XLVm. CENTRIFUGAL PUMP APPLICATIONS 

261. Floating Dry Docks. — To illustrate the wide range of ap- 
plications to which centrifugal pumps are adapted, a few typi(»l 
examples of their use will be given. 

The rapid extension of the world's commerce in recent years has 
created a demand for docking facilities in comparatively isolated 
ports, which has given rise to the modem floating dry dock (Fig. 
210). In docks of this type the various compartments into 
which they are divided are provided with separate pumps so that 
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they may be emptied in sccordance with the distribution of 
weight on the dock. Provision is usually made for handUng 
one short veasel, two short vessels, or one extremely long ship, 
the balancing of the dock on an even keel being accomplished by 
emptying the various compartments in proportion to the weight 
sustained. The number of pumps in docks of this type varies 
from 6 to 20, depending on the number of compartments. The 
centrifugal pump is widely used and particularly suitable for this 
class of work, where a large quantity of water has to be discharged 
in a short time against a changing head which varies from zero. 




Fio. 210. 

when the pumping begins, to 30 or 40 ft. when the dock is nearly 
dry (Kg. 211).' 

263. Deep Wells. — In obtaining a water supply from deep 
wells, the problem is to secure a pump which will handle a large 
quantity of water efficiently in a drilled well of moderate diame- 
ter, the standard diameters of such wells being 12 to 15 in. To 
meet this demand, centrifugal pumps are now built which will de- 
liver from 300 to 800 gal. per minute from a 12-iii. well, and from 
800 to 1,500 gal. per minute from a 15-in. well, with efficiencies 
ranging from 55 to 75 per cent. The depth from which the 
water is pumped may be 300 ft. or more, the pimipa being built in 
several stages according to the depth (Fig. 212). . 

* FigL 301—214 are reproduced by perrauBion of the Piatt Inn Worka 
Co., D^ton, Ohio. 



268 



ELEMENTS OF HYDRAULICS 




Fio. 211. 



ENESer OF FLOW 



r 


-^ 






1 ■-" 




t 


\ trzi 


r — ? / 


1 


,l<=i 


1 !■! 





Tp 




270 ELEMENTS OF BYDRAUUC8 

263. Mine Drainage. — The extensive use of electric power for 
operating mining machinery has led to the employment of cen- 
trifugal pumps for mine drainage. The advantages of this type 
of pump when direct-connected to a high-speed motor are its 
compactness, simplicity and low first cost. Fig. 213 illustrates a 
mine-sinking turbine pump which operates against a l,25(Mt. 
head in a single lift. Pumps of similar design are in operation in 
nearly all the important mining regions of the United States and 
Mexico. The turbine pump is used to best advantage where it 
is required to uuwater a flooded mine shaft. For actual sinking 
work a displacement pump is preferable unless an ample sump is 
provided in order to keep the turbine pump well supplied with 
water so that it will not take air. 

264. Fire Pumps. — The use of centrifugal pumps for fire pro- 
tection has been formally approved by the Fire Insurance Under- 
writers, who have issued specifications covering the essential 




features of a pump of this type to comply with their requirements. 
In the case of fire boats the centrifugal pump has be^ found to 
fully meet all demands. The New York fire boats "James 
Duane" and "Thomas Willett" are equipped with turbine 
pumps, each of which has a capacity of 4,500 gal. per minute 
against 150 lb. per square inch pressure. For automobile fire en- 
gines, the great range of speed for gas engines gives the cen- 
trifugal pump a great advantage, making it possible to throw 
streams to a great height by merely increasing the speed of the 
motor. This type can also be readily mounted on a li^t <^hn"'i '^ 
and driven from the driving shaft of the machine, making a light, 
compact, flexible and efficient unit (Fig. 214). 
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266. Hydraulic Dredging. — ^The rapid development and im- 
provement of internal waterwa3rs in the United States has demon- 
strated the efficiency of the hydraulic or suction dredge. The 
advantage of the hydraulic dredge over the dipper and ladder 
types is that it not only dredges the material but also delivers it 
at the desired point with one operation. Its cost for a given 
capacity is also less than for any other type of dredge, while its 
capacity is enormous, some of the Government dredges on the 
Mississippi handling over 3,000 cu. yd. of material per hour. 

In operation the dredging pump creates a partial vacuum in the 
suction pipe, sufficient to draw in the material and keep it 
moving, and also produces the pressure necessary to force the 
discharge to the required height and distance. Hundreds of 
such pumps, ranging from 6 to 20 in. in diameter, are used 
on Western rivers for dredging sand and gravel for building and 
other purposes. The dredge for this class of service is very sim- 
ple, consisting principally of the dredging pump with its driving 
equipment mounted on a scow, the suction pipe being of suffi- 
cient length to reach to the bottom, and the material being 
delivered into a flat deck scow with raised sides, so that the sand 
is retained and the water flows overboard. 

For general dredging service where hard material is handled, 
it is necessary to use an agitator or cutter to loosen the material 
so that it can be drawn into the suction pipe. In this case the 
suction pipe is mounted within a structural steel . ladder of 
heavy proportions to stand the strain of dredging in hard 
material, and of sufficient length to reach to the depth required. 
The cutter is provided with a series of cutting blades, and is 
moimted on a heavy shaft supported on the ladder, and driven 
through gearing by a separate engine (Fig. 215). 

Usually two spuds are arranged in the stem of the dredge to act 
as anchors and hold the dredge in position. The dredge is 
then swung from side to side on the spuds as pivots by means of 
lines on each side controlled by a hoisting engine, thus controlling 
the operation of the dredge. 

Suction dredges are usually equipped with either 12-, 15-, 18- 
or 20-in. dredging pumps, the last-named being the standard 
size. For most economical operation as regards power, the ve- 
locity through the pipe line should not be greater than just 
sufficient to carry the material satisfactorily. 

With easily handled material the delivery pipe may be a mile 
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or more in length, but with heavy material requiring high velocity 
the length should not exceed 4,000 ft. The practical maximum 
discharge pressure is about 50 lb. per square inch. For long 
pipe lines it therefore becomes necessary to use relay pumps, the 
dredging pump delivering through a certain length of pipe 
into the suction of the relay pump, and the latter delivering it 
through the remainder of the line. For high elevations or very 
long lines, several relay pumps may have to be used. 

The efficiency of a dredging pump is usually only 40 or 50 
per cent., a high efficiency in this case not being so important 
as the ability to keep going. 

266. Hydraulic Mining. — The centrifugal pirnip is also suc- 
cessfully used in hydraulic mining, where a high-pressure jet is 
used to wash down a hill. A number of centrifugal pumps are 
used for this purpose in the phosphate mines of Florida. Other 
uses for centrifugal pumps besides those described above are 
found in municipal water-works, sewage and drainage plants, 
sugar refineries, paper mills and irrigation works. 

APPLICATIONS 

101. A jet 2 in. in diameter discharges 5 cu. ft. of water per 
second which impinges on a flat vane moving in the same direc- 
tion as the jet with a velocity of 12 ft. per second. Find the 
horsepower expended on the vane. 

102. A fireman holds a hose from which a jet of water 1 in. in 
diameter issues at a velocity of 80 ft. per second. What force 
will the fireman have to exert to support the jet? 

103. A small vessel is propelled by two jets each 9 in. in diame- 
ter. The water is taken from the sea through a vertical inlet 
pipe with scoop facing forward, and driven astern by a centrifugal 
pump 2 ft. 6 in. in diameter running at 428 r.p.m. and delivering 
approximately 2,250 cu. ft. of water per second. If the speed of 
the boat is 12.6 knots (1 knot = 6,080 ft. per hour), calculate 
the hydraulic efficiency of the jet. 

104. In the preceding problem, the efficiency of the pump was 
48 per cent, and efficiency of engine and shafting may be assumed 
as 80 per cent. Using these values, calculate the total hydraulic 
efficiency of this system of propulsion. 

Note. — The jet propeller is more efficient than the screw pro- 
peller, the obstacle preventing the adoption of this system in 

18 
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the past being the low efficiency obtainable from centrifugal 
pumps. 

106. A locomotive moving at 60 miles per hour scoope up 
water from a trough between the rails by means of an L-fihaped 
pipe with the horizontal arm projecting forward. If the trough 
is 2,000 ft. long, the pipe 10 in. in diameter, the opening into the 
tank 8 ft. above the mouth of the scoop, and half the available 
head is lost at entrance, find how many gallons of water are 
lifted into the tank in going a distance of 1,600 ft. Also find the 
slowest speed at which water will be delivered into the tank. 

106. A tangential wheel is driven by two jets each 2 in. in 
diameter and having a velocity of 75 ft. per second. Assuming 
the wheel efficiency to be 85 per cent, and generator efficiency 90 
per cent., find the power of the motor in kilowatts (1 hp. = 746 
watts = 0.746 kilowatt). 

107. In a commercial test of a Pelton wheel the diameter of 
the jet was found to be 1.89 in., static head on runner 386.5 
ft.^ head lost in pipe friction 1.8 ft., and discharge 2.819 cu. ft. 
per second. The power developed was found by measurement to 
be 107.4 hp. Calculate the efficiency of the wheel. 

108. A nozzle having an efflux coefficient of 0.8 delivers a jet 
l)^-in. in diameter. Find the amount and velocity of the dis- 
charge if the jet exerts a pressure of 200 lb. on a flat surface nor- 
mal to the flow. 

109. A jet 2 in. in diameter is deflected through 120^ by 
striking a stationary vane. Find the pressure exerted on the 
vane when the nozzle is discharging 10 cu. ft. per second. 

110. A power canal is 50 ft. wide and 9 ft. deep, with a velocity 
of flow of 13^ ft. per second. It supplies water to the turbines 
under a head of 30 ft. If the efficiency of the turbines is 80 per 
cent., find the horsepower available 

111. It is proposed to supply 1,200 electrical hp. to a city 25 
miles from a hydraulic plant. The various losses are estimated 
as follows: 

Generating machinery, 10 per cent.; line, 8 per cent.; trans- 
formers at load end, 9 per cent. ; turbine efficiency, 80 per cent. 

The average velocity of the stream is 3 ft. per second, available 
width 90 ft., and depth 6 ft. Find the net fall required at the 
dam. 

112. The head race of a vertical water wheel is 6 ft. wide and 
the water 9 in. deep, flowing with a velocity of 5 ft. per second. 
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If the total fall is 20 ft. and the efficiency of the wheel is 70 per 
cent., calculate the horse power available from it. 

113. A stream is 150 ft. wide with an average depth of 4 ft. 
and a velocity of flow of 1 ft. per second. If the net fall at the 
dam is 20 ft. and the efficiency of the wheel is 75 per cent., find 
the horsepower available. 

114. Eighty gallons of water per minute are to be pumped 
from a well 12 ft. deep by a pump situated 50 ft. from the well, 
and delivered to a tank 400 ft. from the pump and at 80 ft. 
elevation. The suction pipe is 3 in. in diameter and has two 
3-in. elbows. The discharge pipe is 23^ in. in diameter and has 
three 2)^-in. elbows. Find the size of engine required. 

Note. — ^The lift is 92 ft. and the friction head in pipe and 
elbows amounts to about 25 ft., giving a total pumping head of 
117 ft. The pump friction varies greatly, but for a maximum 
may be assumed as 50 per cent, of the total head, or, in the pres- 
ent case, 58)^ ft. 

116. A single-acting displacement pump raises water 60 ft. 
through a pipe line 1 mile long. The inside diameter of the pump 
barrel is 18 in., the stroke is 4 ft., and the piston is driven 
by a connecting rod coupled to a crank which makes 30 r.p.m. 
The velocity of flow in the pipe Une is 3 ft. per second. Assum- 
ing the mechanical efficiency of the pump to be 75 per cent., and 
the slip 5 per cent., find the horse power required to drive the 
pump and the quantity of water deUvered. 

116. A 6-in. centrifugal pump deUvers 1,050 gal. per minute, 
elevating 20 ft. The suction and discharge pipes are each 6 in. 
ill diameter and have a combined length of 100 ft. Find the 
friction head, total horse power required, and speed of pump for 
50 per cent, efficiency. 

Note. — ^The velocity of flow in this case is 12 ft. per second and 
the corresponding friction head for 100 ft. of 6-in. pipe is 8.8 ft. 
The total eflfective head is therefore 28.8 ft., requiring 15.26 h.p. 
at a speed of 410 r.p.m. 

117. In the preceding problem show that if an 8-in. pipe is 
used instead of 6-in. there will be a saving in power of over 22 
per cent. 

118. A hydraulic ram uses 1,000 gal. of water per minute under 
a 4-ft. head to pump 40 gal. per minute through 300 ft. of 2-in. 
pipe into a reservoir at an elevation of 50 ft. above the ram. 
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Calculate the mechanical and hydraulic efficiencies of the ram, 
assuming the coefficient of pipe friction as 0.024. 

119. An automobile booster fire pump, used for making a 
quick initial attack on a fire, is required to deliver two streams 
through %'in. nozzles and 250 ft. of 1-in. hose. The pump is of 
the centrifugal type and is geared up to a speed of 3,500 r.p.m. 
from the gas engine which drives the machine. Calculate the 
discharge in gallons per minute and the horsepower required to 
drive the pump, assuming 50 per cent, efficiency. 

Note. — For this size nozzle, the maximum discharge is reached 
with a nozzle pressure of about 68 lb. per square inch correspond- 
ing to a velocity of about 100 ft. per second. 

120. Feed water is pumped into a boiler from a round vertical 
tank 2}4 ft. in diameter. Before starting the pump the water 
level in the boiler is 38 in., and in the tank 22 in., above the floor 
level, and when the pump is stopped these levels are 40 in. and 
15 in. respectively. If the steam pressure in the boiler while the 
pump is at work is 100 lb. per square inch, find the number of 
foot-pounds of work done by the pump. 

121. A fire pump delivers three fire streams, each discharging 
250 gal. per minute under 80 lb. per square inch pressure. Find 
the horse power of the engine driving the pump if the efficiency 
of the engine is 70 per cent, and of the pump is 60 per cent. 

122. A mine shaft 580 ft. deep and 8 ft. in diameter is full of 
water. How long will it take a 6-h.p. engine to unwater the shaft 
if the efficiencies of pump and engine are each 75 per cent.? 

123. A fire engine pumps at the rate of 500 gal. per minute 
against a pressure of 100 lb. per square inch. Assuming the 
overall efficiency to be 50 per cent., calculate the indicated horse 
power of the engine. 

124. A water-power plant is equipped with tangential wheels 
having an efficiency of 80 per cent. The water is delivered to 
the wheels through a cylindrical riveted-steel penstock 5 miles 
long with a total fall of 900 ft., practically the entire penstock 
being under this head. 

The co9t of power house and equipment is estimated at $50,000, 
penstock 6 cts. per pound, operating expenses $5,000 per annum, 
and interest on total investment 4 per cent, per annum. The 
income is to be derived from the sale of power at $12 per horse 
power per annum. A constant supply of water of 100 cu. ft. 
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per minute is available. Find the diameter of penstock for which 
the net income is a maximimi. 

126. A hydraulic pipe line is required to transmit 150 h.p. with 
a velocity of flow not greater than 3 ft. per second and a delivery 
pressure of 900 lb. per square inch. Assuming that the most 
economical size of pipe is one which allows a pressure drop of 
about 10 lb. per square inch per mile, determine the required 
size of pipe. 

126. Find the maximum horse power which can be transmitted 
through a 6-in. pipe 4 miles long assuming the inlet pressure to 
be 800 lb. per square inch and the coefficient of pipe friction to 
be 0.024. Also determine the velocity of flow and outlet pressure. 

127. A 6-in. pipe half a mile long leads from a reservoir to a 
nozzle located 350 ft. below the level of the reservoir and dis- 
charging into the air. Assuming the coefficient of friction to be 
0.03, determine the diameter of nozzle for maximum power. 

Solution. — The discharge is 

Q = -~- 62.47 

where D = ioside diameter of pipe and V = velocity of flow 
through pipe. Also the horse power delivered at the nozzle is 

TTTj * 1 ^0'62.4F /,, . I V^\ 
H.P. at nozzle = -j^^-^ ((A ~ / ^ ^) 

where h = static head at nozzle and I = length of pipe. The 
value of V for which the horse power is a maximum is found from 
the calculus condition. 

dV 
whence, solving for V, we find 






Sfl 

Now let A = area of cross-section of pipe; 

a = area of cross-section of nozzle; 

V = velocity of flow through nozzle; 

p = pressure before entering nozzle. 
Then ilV = at;, and therefore from Bernoulli's theorem 

62.4 '^2fif 2g \a) 2g' 
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and also 



62.4 '^2g "^^ D2g ' 



whence, by subtraction and reduction, 

"^ji/ijin _ fiv* 



a = AV 



2ghD-flV' 

Substituting in this relation the value of V obtained above for 
maximum power, the result is 

For a circular pipe and nozzle this becomes 

which gives the required size of nozzle for, maximum output of 
power. 

128. A 10-in. water main 900 ft. long is discharging 1,000 gal. 
of water per minute. If water is shut off in 2 sec. by closing a 
valve, how much is the pressure in the pipe increased? 

129. In a series of experiments made by Joukowsky on cast- 
iron pipes, the time of valve closure in each case being 0.03 sec, 
the following rises in pressures were observed.^ Show that these 
results give the straight line formula, p = 57t;. 

Cast-ibon Pipe, Diameter 4 In., Length 1,050 Ft. 



Vel. in ft./sec 0.6 


2.0 


3.0 


4.0 


9.0 






1 

Observed pressure in Ib./in.*... . 31 


119 


172 


228 


511 


Cast-iron pipe, diameter 6 in., length 1,066 ft. 


Vel. in ft./sec 


0.6 


2.0 


3.0 


7.6 




Observed rise in pressure in Ib./in.* 


43 


113 


173 


426 



130. It is customary in practice to make allowance for possible 
water-hammer by designing pipes to withstand a pressure of 
100 lb. per square inch in excess of that due to the static head. 
Show that this virtually allows for an instantaneous stoppage at 
a velocity of 1.6 ft. per second. 

131. A bowl in the form of a hemisphere, with horizontal rim, 
is filled with liquid and then given an angular velocity oj about 
its vertical axis. How much liquid flows over the rim (Fig. 216) ? 

* Gibson, "Hydraulics and Its Applications," p. 239. 
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132. A closed cylindrical vessel of height H is three-fourths full 
of water. With what angular velocity co must it revolve around 
its vertical axis in order that the surface paraboloid shall just 
touch the bottom of the vessel (Fig. 217). 





Fio. 216. 



Fig. 217. 



133. A closed cylindrical vessel of diameter 3 ft. and height 
6 in. contains water to a depth of 2 in. Find the speed in r.p.m. 
at which it must revolve about its vertical axis in order that the 
water shall assume the form of a hollow tnmcated paraboloid 
for which the radius of the upper base is 1 per cent, greater than 
the radius of the lower base; or, 
referring to Fig. 218, such that 
ri = l.Olrj. 

13L The test data for a 19-in. 
New American turbine runner 
are as follows: 

Head 25 ft.; speed 339 r.p.m.; 
discharge 2,128 cu. ft. per minute; 
power developed 80 h.p. 

Calculate the turbine constants including the characteristic 
speed. 

Solution. — ^In this case, from Art. XXXVII, 

19. 




Fig. 218. 



fc. = 



, ir7s339 



9 - 



60 Va 



V2i 



= 0.7; 



Qi = 



6OV25 
5.62 

2,128 
= -^~ = 7.0933; 



^A V'26 
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_Qi_ 7.0933 _ 
*« - d* " /19\« " ^•^^' 
\12/ 

nVp ^ 339Vf ^ 54 24. 
hVh 251^25 

136. Two types of turbine runner, A and B, are to be compared. 
From tests it is known that runner A will develop a maximum 
of 2,080 h.p. at 500 r.p.m. under 100-ft. head, and runner B will 
develop 4,590 h.p. at 580 r.p.m. under 150-ft. head. Determine 
which of these types is the higher speed. 

Solution.— Type A, N. = ^^^^ = 72.11, 

lOOv^IOO 

_, _ -. 580V'4,590 _. „. 
Type B, N. = -^^-^^_- = 74.86. 

136. Show that to transform the characteristic speed iV, from 
the English to the metric system it is necessary to multiply by 
the coefficient 4.46; that is to say, if the horse power and head 
are expressed in foot-pound units, and N, in the metric system, 
we have the relation 

Jf. = 4.46n^'^- 

137. Five two-runner Francis turbines installed in the power 
house of the Pennsylvania Water and Power Co. at McCall's 
Ferry on the Susquehanna River are rated at 13,500 h.p. each 
under a head of 53 ft. at a speed of 94 r.p.m. The quantity of 
water required per turbine is 2,800 cu. ft. per second. Calculate 
from this rating the characteristic speed, efficiency, and other 
turbine constants. 

138. Four two-runner Francis turbines operating in the little 
Falls plant of the Washington Water Power Co. have a nominal 
power capacity of 9,000 h.p. each under a head of 66 ft. at a 
speed of 150 r.p.m. The quantity of water required per turbine 
is 1,500 cu. ft. per second. From this rating calculate the char- 
acteristic speed, efficiency, and specific constants for these units. 

139. The upper curve shown in Fig. 219 is the official efficiency 
test curve of the 9,000-h.p. turbines, built by the I. P. Morris Co. 
for the Washington Water Power Co. These wheels are of the 
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horuontal shaft, two-runner, central discharge type, with volute 
casings. Head 66 ft., speed 150 r.p.m., and rated runner 
diameter 6 ft. 2 in. 

The lower curve shown in the figure is derived from a test at 
Holyoke of a homologous experimental rumieF having a rated 
diameter of 2 ft. 8 ^^^ in. These curves are almost identical 
in shape, the efficiency of the large units exceeding by a small 
margin that of the experimental runner. 

Calculate the discharge and characteristic speed at maximum 
efficiency, and from these results compute the specific constants. 
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140. In testing a hydraulic turbine it was found by measure- 
ment that the amount of water entering the turbine was 8,000 
eu. ft, per minute with a net fall of 10.6 ft. The power devel- 
oped was measured by a friction brake clamped to a pulley. 
The length of brake arm was 12 ft., reading on scales 400 lb., and 
speed of pulley 100 r.p.m. Calculate the efficiency of the turbine. 

141. One of a series of 65 tests of a 31-in. Wellman-Seaver- 
Moi^an turbine runner gave the following data:* 

Gate opening 75 per cent.; head on runner 17.25 ft.; speed 
186.25 r.p.m. ; discharge 63.12 cu. ft. per second; power developed 
111.66 h.p. 

Calculate the efficiency and the various turbine constants. 

143. One of a series of 82 tests of a 30-in. Wellman-Seaver- 
MoTgao turbine runner gave the following data:' 

* "Chancteristics of Modern Hyd. Turbines," C. W. Lasneb, Trant. 
Am. Soe. C. E., vol. Ixvi (1910), pp. 306-386. 

*Ibid. 
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Gate opening 80.8 per cent.; head on runner 17.19 ft.; apeed 
206 r.p.m.; discharge 85.73 cu. ft. per second; power developed 
146.05 h.p. 

Calculate the efficiency and the other turbine constants. 

143. Four of the turbines of the Toronto Power Co. at Niagara 
Falls are of the two-runner Francis type, with a nominal develop- 
ment of 13,000 h.p. each under a head of 133 ft. at a Bpeed of 
250 r.p.m. The quantity of water required per turbine is 1,060 
cu. ft. per second. 

Calculate the efficiency, characteristic speed and specific 
turbine coefficients for these units. 

144. The upper curve shown in Fig. 220 is the official teat 
curve of the 6,000-h.p. turbines designed by the I. P. Morris Co. 




for the Appalachian Power Co. The rated runner diameter 
is 7 ft. Q}i in., head 49 ft., and speed 116 r.p.m. These turbines 
are of the single-runner, vertical-shaft type. 

The lower curve is derived from a teat at Holyoke of the small, 
homologous, experimental runner, having a rated diameter of 
27?^ in. The curves are identical in shape, but owing to the 
better arrangement of water passages in the lai^ plant, its 
efficiency considerably exceeds that of the experimental runner. 
It may also be noted that the efficiency shown on this diagram is 
the highest ever recorded in a well-authenticated test. 

Calculate the discharge and characteristic speed at maximum 
efficiency, and from these results compute the specific turbine 
constants. 
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146. The following data, taken from the official Holyoke test 
reports, give the results of tests made on a 35-in. vertical 
Samson turbine built by the James Leffel Co. of Springfield, 
Ohio. Calculate the turbine constants and characteristic speeds. 

Tbstb of 35-in. Vbbtical Samson Txtbbinb 





Head on 


Speed 


Discharge 


Horse 


Efficiency 


Gate opening 


wheel in 


in rev. 


in. cu. ft. 


power 


m per 




feet 


per min. 


per sec. . 


developed 


cent. 


Full gate 


16.67 


187 


120.61 


188.27 


83.06 


0.9 gate 


16.69 


191 


114.35 


188.88 


87.26 


0.8 gate 


16.78 


189 


105 . 10 


179.87 


89.93 


0.75 gate 


16.86 


187 


100.29 


172 . 57 


89.99 


0.7 gate 


17.08 


188 


92.83 


160.03 


88.99 


0.6 gate 


17.23 


185 


77.15 


128 . 22 


85.05 


0.5 gate 


17.47 


188 


66.89 


108.72 


82.03 



146. The speed and water consumption of a turbine vary as 
the square root of the head (\/h), and the power varies as the 
square root of the cube of the head (x/A*). Thus if the head on a 
wheel is multiplied by 4, the speed and discharge will be multi- 
plied by 2 and the power by 8. 

Given that a 12-in. turbine under 12-ft. head develops 14 h.p. 
at 480 r.p.m. using 762 cu. ft. of water per minute, find the power, 
speed and discharge for the same turbine under 48-ft. head. 

147. On page 284 is given a rating table of turbines manu- 
factured by the S. Morgan Smith Co. of York, Pa., computed 
from actual tests of each size turbine under the dynamometer at 
the Holyoke testing flume. 

Calculate the nominal efficiency a^d characteristic speed for 
each size runner, and determine whether it is of the low-, medium- 
or high-speed type. 

Note. — Data of this kind may be used by the instructor as 
problem material for an entire class without duplicating results, 
the final results being collected and tabulated, thus serving as 
a check on the calculations and also showing the range of the 
constants involved. 

148. On pages 285, 286, and 287 is given a rating table of 
Victor Turbines manufactured by the Piatt Iron Works Co., 
Dayton, Ohio. 

Calculate the nominal efficiency, characteristic speed, and 
speed and capacity constants for each diameter and head. 
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149. Fig. 221 shows a vertical section .of the 10,S00-h.p. tur- 
bines designed by the I. P. Morris Co. for the Cedar Rapids 
Mfg. and Power Co. The rated diameter of these turbines is 
11 ft. lOM in-, bead 30 ft., and speed 55.6 r.p.m. 

These turbines are at present the largest in the world, and it 
may be noted that all the latest features have been incorporated 
in the design, namely, volute casings and draft tubes molded in 
the concrete; cast-iron speed rings supporting the concrete, gen- 




Fio. 221. 



erator and thrust-bearing loads from above; lignum vitte turbine 
guide bearing; thrust-bearing support located above the genera- 
tor; Kingsbury thrust bearing with roller auxiUary; and pneu- 
matic brakes acting on the rotor of the generator. 

Calculate the characteristic speed from the rating given above, 
and from the table on page 209 determine to which speed type 
it belongs. 

160. The following table gives the results of 20 tests out of a 
total of 66 made Sept. 3 and 4, 1912, at the testing flume of the 
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SECTION 4 
HYDRAULIC DATA AND TABLES 



Table 1.— Pbopbbtibs of Watbb 
Density and Volume of Water 



Temp, in 




Volume of 


i Temp, in 


1 


Volume of 


degrees 


Density 


1 gram in 


' degrees 


Density 


1 gram in 


Centigrade 




cu. cm. 


Centigrade 




cu. cm. 





0.999874 


1.00013 


; 24 


' 0.997349 


1.00266 


1 


0.999930 


1.00007 


1 26 


0.996837 


1.00317 


2 


0.999970 


1.00003 


28 


0.996288 


1.00373 


2 


0.999993 


l.OOOOl 


30 


0.995705 


1.00381 


4 


1.000000 


1.00000 


32 


0.995087 


1.00394 


5 


0.999992 


1.00001 


35 


0.995098 


1.00394 


6 


0.999970 


1.00003 


40 


0.99233 


1.00773 


7 


0.999932 


1.00007 


45 


0.99035 


1.00974 


8 


0.999881 


1.00012 


50 


0.98813 


1.01201 


9 


0.999815 


1.00018 

1 


55 


0.98579 


1.01442 


10 


. 999736 


1.00026 


60 


0.98331 


1.01697 


11 


0.999643 


1.00036 


65 


0.98067 


1.01971 


12 


. 999537 


1.00046 


70 


0.97790 


1.02260 


13 


0.999418 


, 1.00058 


75 


0.97495 


1.02569 


14 


0.999287 


1.00071 


1 80 


0.97191 


1.02890 


16 


0.998988 


' 1.00101 


85 


! 96876 


1.03224 


18 


0.998642 


1.00136 


90 


0.96550 


1.03574 


20 


0.998252 


1.00175 


95 


0.96212 


1.03938 


22 


0.997821 


1.00218 


100 


95863 


1.04315 






Weight c 
Temp, in 


►f Water 






Temp, in | 


Weight in ! 


Weight in 


Temp, in 


Weight in 


degrees 


pounds per 


degrees 


pounds per 


degrees 


pounds per 


Fahrenheit ' 


cu. ft. 


Fahrenheit 


cu. ft. 


Fahrenheit 


cu. ft. 


32 


62.42 


100 


62.02 


170 


60.77 


40 


62.42 


110 


61.89 


180 


60.55 


50 


62.41 


120 


61.74 


190 


60.32 


60 


62.37 1 


130 


61.56 


200 


60.07 


70 


62.31 ' 


140 


61.37 


210 


59.82 


80 


62.23 


150 


61.18 


212 


59.56 


90 1 


62.13 


160 


60.98 


• 
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Tablb 2. — Head and Pbbssubb Equitalbntb 
Head of Water in Feet and Equiv^ent Pressure in Pounds per Sq. In. 



Feet 


Pounds per 


Feet 


Pounds per 


Feet 


Pounds per 


head 


sq. in. 


head 


sq. in. 


head 


sq. in. 


1 


0.43 


55 


23.82 ' 


190 


82.29 


2 


0.87 


60 


25.99 


200 


86.62 


3 


1.30 


65 


28.15 


225 


97.45 


4 


1.73 


70 


30.32 


250 


108.27 


5 


2.17 


75 


32.48 


275 


119.10 


6 


2.60 


80 


34.65 


300 


129.93 


7 


3.03 


85 


36.81 


325 


140.75 


8 


3.40 


90 


38.98 


350 


151.58 


9 


3.90 


95 


41.14 


375 


162.41 


10 


4.33 


100 


43.31 


400 


173.24 


15 


6.50 


110 


47.64 


500 


216.55 


20 


8.66 


120 


61.97 


600 


259.85 


25 


10.83 


130 


56.30 


700 


303.16 


30 


12.99 


140 


60.63 


800 


346.47 


35 


15.16 


150 


64.96 


900 


389.78 


40 


17.32 


160 


69.29 


1000 


433.09 


45 
50 


19.49 
21.65 


170 
180 


73.63 
77.96 











PresBure in Pounds per Sq. In. and Equivalent Head of Water in Feet 



Pounds per 
sq. in. 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

15 

20 

25 

30 

35 

40 

45 

50 



Feet 
head 



2.31 

4.62 

6.93 

9.24 

11.54 

13.85 

16.16 

18.47 

20.78 

23.09 

34.63 

46.18 

67.72 

69.27 

80.81 

92.36 

103.90 

115.45 



Pounds per 
sq. in. 



55 

60 

65 

70 

75 

80 

85 

90 

95 

100 

110 

120 

125 

130 

140 

150 

160 

170 



Feet 
head 



126.99 
138.54 
150.08 
161.63 
173.17 
184.72 
196.26 
207.81 
219.35 
230.90 
253.98 
277.07 
288.62 
300.16 
323.25 
346 . 34 
369.43 
392.52 



Pounds per 
sq. in. 



180 
190 
200 
225 
250 
275 
300 
325 
350 
375 
400 
500 



Feet 
head 



415.61 
438.90 
461 . 78 
519.51 
577.24 
643.03 
692.69 
750.41 
808.13 
865.89 
922.58 
1154.48 
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Table 3. — ^Dischabob Equitalbxts 



Galloos 

per 
min. 



Cubic 
feet per 



Cubic feet 

per 
min. 



Gallons 



hour 



Gallooa 
per 24 
hours 



Bbk. 



49 00. 
bbL 



per Bbfe. per 



ho«r.42 
cat bbL 



34 boors. 42 
> saL bbl. 



0.1 



0.2 



0.3 



4 



0.5 



0.6 



0.8 



1.0 



12 







4.5 



6.0 




600 

720 

900 

1.080 

1,200 

1.500 
1.620 
1.800 
2.100 
2.160 

2.400 
2.700 
3.000 
3.600 
4.200 

4,500 
4.800 
5.400 
6.000 
7,500 

8.100 

9.000 

10.500 

10.800 

12.000 

13.500 
15.000 
16.200 
18.000 
18.900 

21.600 
24.000 
27.000 
30.000 
32.400 

36.000 
37,800 
40.500 
43.200 
48.000 

54.000 
60.000 
67,500 
72.000 
81.000 

90.000 
94.500 

los.ogo 

120,000 
121.500 

135.000 
150.000 
162,000 
180.000 



14.400 
17.280 
21.600 
25.920 
28.800 

36.000 
38.880 
43.200 
50.400 
51.840 

57.600 
64.800 
72,000 
86.400 
100.800 

108.000 
115.200 
129.600 
144.000 
180.000 

194.400 
216.000 
252.000 
259.200 
288.000 

324.000 
360.000 
388.800 
432.000 
453.600 

518.400 
576.000 
648.000 
720.000 
777,600 

864,000 

907.200 

972.000 

1.036.800 

1,152.000 

1.296.000 
1.440.000 
1.620.000 
1.728.000 
1.944,000 

2,160.000 
2.268.000 
2,592.000 
2,880.00Q 
2,916.000 

3.240.000 
3.600.000 
3.880.000 
4,320,000 



I 



64 
71 
83 
86 

95 
07 
19 
43 



0.24 
0.20 
0.36 
0.43 
0.48 

0. 
0. 
0. 
0. 
0. 

0. 
1. 
1. 
1. 
1.66 

1.78 
1.90 
2.14 
2.39 
2.98 

3.21 
3.57 
4.16 
4.28 
4.76 

5.35 
5.95 
6.43 
7.14 
7.5 

8.57 
9.52 
10.7 
11.9 
12.8 

14.3 
15.0 
16.0 
17.0 
19.05 

21.43 

23.8 

26.78 

28.57 

32.14 

35.71 

37.5 

42.85 

47.64 

48.21 

53.57 
50.52 
64.3 
71.43 



14.28 
17.14 
21.4a 
25.71 
28.57 

35.71 

38.57 

42.85 

50.0 

51.43 

57.14 
64.28 
71.43 
85.71 
100.0 

107.14 

114.28 

128.5 

142.8 

178.6 

192.8 

214.3 

250 

257 

285 

321 
357 
385 
428 
450.0 

514.3 
571.8 
642.8 
714.3 
771.3 

857.1 

900.0 

964.0 

1.028.0 

1.142.0 

1.285.0 
1.428.0 
1.607.0 
1.714.0 
1.928.0 

2.142.0 
2.250.0 
2.571.0 
2.857.0 
2392.0 

3,214.0 
3.571.0 
3.857.0 
4.285.0 






7 

4 
1 
7 
5 



\ 



342.8 

411.4 

514 

617 

685. 

857. 

925. 
1.028 
1.200. 
1.234 

1.371 
1.543 
1.714 
2.057 
2.400. 

2.570 
2,742 
3.085 
3.428 
4.286 

4.628 

5.143 

6.000. 

6.171.0 

6357.0 

7.714 
. 8.570. 

9.257. 
10.284 
10300.0 

12342.0 
13.723.0 
15.428.0 
17.143.0 
18,512.0 

20.570. 
21.000.0 
23.143.0 
24,685.0 
27387.0 

30^857.0 

34384. 

38.571 

41.148. 

46,085. 

51.427 

54.000.0 

61,710.0 

68.568.0 

60,425.0 

77,143.0 

85.704.0 

02.572.0 

102.840.0 



.3 

.1 

.7 

.0 
.0 
.0 
.0 
.0 

.0 

.0 
.0 
.0 

.0 
.0 
.0 
.0 
.0 

.0 
.0 
.0 



.0 
.0 
.0 
.0 



.0 
.0 
.0 
.0 

.0 
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ELEMENTS OF HYDRAULICS 



Table 5. — Specific Weiqhtb of Vabious Substancsb 



Air, press. 76 cm. Hg., 

O'C 

Alcohol 

Aluminium, pure 

commercial 

Basalt 

Bismuth 

Brass 

Brick 

Cadmium 

Carbon, charcoal 

diamond 

graphite 

Coal, hard 

Copper, cast 

electrolytic 

wire 

Cork 

Earth 

Gold 

Glass 

Granite 

Hydrogen, press. 76 cm. 

Hg.,0'»C 

Ice 



0.001293 

0.79 

2.583 

2.7 - 2.8 
2.4 - 3.3 
9.7fr- 9.93 

7.8 - 8.7 
1.4 - 2.3 
8.54- 8.69 
1.45- 1.70 
3.49- 3.53 
2.17- 2.32 

1.2 - 1.8 

8.3 - 8.92 
8.88- 8.95 
8.93- 8.95 

0.24 

1.4 - 2.8 
19.30-19.34 

2.5 - 3.8 
2.5 - 3.0 

0.0000894 
0.926 i 



Iron, cast 

pure 

steel 

wrought 

Lead 

Lime mortar 

Limestone 

Magnesium 

Marble 

Mercury at 0^. 

Nickel 

Oil 

Platinum, cast . . 

wire and foil . . 

Quartz 

Rubber 

Sand 

Sandstone 

Seawater 

Silver 

Timber, oak 

fir 

poplar 

Tin 

Zinc 



7.03- 7.73 

7.85- 7.88 
7.60- 7.80 
7.70- 7.85 

11.21-11.45 
1.6 - 1.8 

2.4 - 2.8 
1.60- 1.75 

2.5 - 2.9 
13.596 

8.57- 8.93 

0.91- 0.94 

21.48-21.50 

21.2 -21.7 

2.3 - 2.7 

0.93 
1.2 - 1.9 
1.9 - 2.7 
1.02- 1.03 
10.42-10.57 
0.62- 1.17 
0.5 - 0.9 
0.35- 1.02 
6.97- 7.37 

6.86- 7.24 
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ELEMENTS OF HYDRAULICS 



TuLB 7.— C\i 

Ckpadtr, at piston displacei 



f or Hecipbocati^jg I 

>f reciprocatiiig pUnlpt in gal 



3-1/4 

3-1/2 
3-3/1 



o.oisb; 0,0212; ooaeo ( 

0.01B2I 
0.0312 
0,0108 
0,0637 a 



i 0478 

a,D57s 
'. o.ocss 

I 0937 



OOUI 
0,0042 
0.07M 
1041 



0.0816 ( 
[ 0,1275 C 



&-1/* 
5-3/4 



O.6O40 C 
0.7IS2 C 
0,774S C 



D,74ee c 

0,832S ( 

o.saez I 

O.BTSal 1 



< 1.3240 
1.328 
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TtBia 7. — Capacitt or Hbcipbocatiko Puufb. — {CoTUinvtdi 



4-1/4 

4-1/a 

4-3/4 



S-1/4 
S-1/2 
&-3/4 



ft-1/4 
»-l/I 

«-a/4 



0.3S5 

3085 

0.3672 
431Z 

4098 



:i^ 


o: 


.2176 


0, 


.27M 




.34 





,4114 


0, 


.4896 


0. 






-WMM 




,7648 


0. 


.8904 









.1010 




.227 




.36 




M56 




,780 




.9584 
,124 




,2082 




.man 




.266 








.4054 




.44 




.6823 




.833 




.192 




.ea 




.92 




,61 





5.60B6 

8 16 

: |ii.7no4 
13.78 

15.98 
18.3 



ELEMENTS OF HYDRAULICS 



TULE S.- 
Dlunetar*. 1/16 In. up t- 



-ClItCTDHFERBNCBS AMB AltK&S OF ClBOLBS 
uiiliaoludinglZOlD. Admuinc VIB tol; 1/8 toBO; 1 











1/2 to 120 










Dinni- 


Cireum- 




Di.n.<- 


CiTQUOl- 




Di.m^ 




Art*. 














ter. 






inchn 




bxha 


iDCh» 






inohn 




ioahs 


i/ie 


0.16038 


0.00307 


4*/2 


H.137 


15.90* 


9-5/8 


30 237 1 72.7SI.I 






0,01227 


4-5/8 


14,520 


16.800 






030 7*. Mai 


a/ia 


0,5880 


0,02781 








9-7/8 




023 


70,588 


1/* 




o.oiBog 




16.315 


18.805 










6/lfl 




0,07670 














T8.S40 


3/8 


1,1781 








19,636 


10-1/8 




SOS 


S0.S19 


7/IS 


1 37M 




6-1-8 


10.100 


20.029 


10-1/4 


32 


aoi 


83,510 


1/S 




0.1963 


S-1/* 








32 


604 


84.540 


9/lfl 


1,7771 




&-3/8 




22.000 






936 


86,690 


S/8 






6-1/2 


17,278 


23,758 


10-5/8 


33 


379 


SS 004 


11/18 


2.1698 


0,3712 


6- S/8 






10-3/4 






eo 702 


3/i 


3.36eZ 




5-3/* 






10-7/8 




164 




13/18 

7/8 


2.748S 


o,eoi3 


5-7/S 


18.*57 


27,108 


u 


34 


558 


95.033 


16/18 


2.9452 


0.0903 


6 


18.849 


28.274 


11-1/8 
11-1/4 


35 


343 


99.402 






0.7864 


a-1,/8 


19 ^« 


20,464 


11-3/8 








1-1/8 


3.63*3 


»-3/8 




31.910 


11-1/2 
11-5/8 


M 


128 
631 


100 139 


1-3/8 
1-1 /a 






6-1/2 


20 *20 


33,183 










*.7124 


1^7071 


B-6,'8 
6-3/* 


21 2M 


36.784 


U-7/B 


87 


300 


110.753 


1-a/B 


0.1061 


a. 4052 
2.7821 


0-7/8 


21.508 


37.122 


12 


37 


099 


113 097 


1-7/8 


5,8006 








12-1/8 


38 


001 


;iB too 










21.901 


38,48* 












8.2832 


3,1*16 


7-1/8 














2-1/8 


8.67M 










12-1/2 


30 


270 


122,718 


Z-l/« 






T-3/S 


23 189 


42,718 


12-6/8 


30 


602 


126 184 


3~3/a 


7.*S13 


4,4302 


7-1/2 






12-3/4 








a-i/a 






7-S/8 


23.954 


*5. 003 


12-7/8 


40 


448 


130. loa 


2-6/8 


8,2487 


6.*lig 


7-3/4 


21.347 


*7.173 


13 


40 


840 


13a 73a 


a-3/4 


8-83M 


6, 9385 








13-1/8 


41 


233 


136,207 


3-7/8 


9-0321 














820 












25.132 


50.266 


13-3/8 






140.600 


3 


a.*2*8 


7,0680 


8-1/8 


2fl.fiI5 




13-1/2 






143,139 


3-1/8 


0.8175 


7,6699 


»-l/4 




63.450 


13-5/8 














8-3/8 


20,310 


55.088 










3-3/8 


10, 602 




S-1/2 






13-7/8 


43 


589 


151.201 


3-1/2 






8-6/8 




58.420 










3-5/8 






8-3/4 


27. 489 


60,132 








163,038 


3-3/* 


11.781 


11,0*4 


8-7,9 






M-1/8 




375 


160.690 


3-7/8 


12.173 


11,703 


9 


28.274 


03 617 


l*-3/8 


*S 


767 


102.285 




12.SM 


12.506 


9-1/8 






14-1/2 


46 


553 


165 130 


4-1/8 


12.060 




9-1/* 




07 200 


14-6/8 






167.980 


t-1/4 






9-3/8 


29.452 




14-3/* 






170.873 


»-3/8 


13.74* 


15.033 


g-i/a 


29.845 


70.882 


14-7/8 


48 


731 
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Tabus 8. — Cibcttiiferencbs and Areas op Cibcles — (jCoiUinued) 



Dtame- 


Ciroom- 


Area 


Diame- 


Circum- 


Area 


Diame- 


Circum- 


Area 


tar 


ferwioe 


square 


ter 


ference 


square 


ter 


ference 


square 


inohes 


inches 


inehee 


inches 


inches 


inches 


inches 


inches 


inches 


15 


47.124 


176.716 


21 


66.973 


346.361 


27 


84.823 


572.556 


15-1/8 


47.516 


179.672 


21-1/8 


66.366 


350.497 


27-1/8 


86.215 


577.870 


15-1/4 


47.909 


182.654 


21-1/4 


66.759 


354.657 


27-1/4 


85.608 


583.208 


15-8/8 


48.302 


185.661 


21-3/8 


67.151 


368.841 


27-3/8 


86.001 


588.671 


15-1/2 


48.694 


188.692 


21-1/2 


67.644 


363.061 


27-1/2 


86.394 


593.958 


15-5/8 


49.087 


191.748 


21-5/8 


67.937 


367.284 


27-5/8 


86.786 


699.370 


15-3/4 


49.480 


194.828 


21-3/4 


68.329 


371.543 


27-3/4 


87.179 


604.807 


15-7/8 


49.872 


197.933 


21-7/8 


68.722 


375.826 


27-7/8 


87.572 


610.268 


18 


50.265 


201.062 


22 


69.116 


380.133 


28 


87.964 


615.753 


16-1/8 


60.658 


204.216 


22-1/8 


69.507 


384.465 


28-1/8 


88.357 


621.263 


16-1/4 


61.051 


207.394 


22-1/4 


69.900 


388.822 


28-1/4 


88.750 


626.798 


16-3/8 


61.443 


210.597 


22-3/8 


70.293 


393.203 


28-3/8 


89.142 


632.367 


16-1/2 


51.836 


213.825 


22-1/2 


70.686 


397.608 


28-1/2 


89.536 


637.941 


16-6/8 


62.229 


217.077 


22-6/8 


71.078 


402.038 


28-5/8 


89.928 


643.594 


16-3/4 


52.621 


220.353 


22-3/4 


71.471 


406.493 


28-3/4 


90.321 


649.182 


16-7/8 


53.014 


223.654 


22-7/8 


71.864 


410.972 


28-7/8 


90.713 


654.837 


17 


53.407 


226.980 


23 


72.266 


415.476 


29 


91.106 


660.521 


17-1/8 


53.799 


230.330 


23-1/8 


72.649 


420.004 


29-1/8 


91.499 


666.277 


17-1/4 


54.192 


233.706 


23-1/4 


73.042 


424.557 


29-1/4 


91.891 


671.958 


17-3/8 


54.585 


237.104 


23-3/8 


73.434 


429.135 


29-3/8 


92.284 


677.714 


17-1/2 


54.978 


240.528 


23-1/2 


73.827 


433.731 


29-1/2 


92.677 


683.494 


17-6/8 


55.370 


243.977 


23-6/8 


74.220 


438.363 


29-5/8 


93.069 


689.298 


17-3/4 


55.763 


247.460 


23-3/4 


74.613 


443.014 


29-3/4 


93.462 


696.128 


17-7/8 


56.156 


260.947 


23-7/8 


75.006 


447.699 


29-7/8 


93.855 


700.981 


18 


56.548 


254.469 


24 


75.398 


452.390 


30 


94.248 


1 

706.860 


18-1/8 


56.941 


268.016 


24-1/8 


75.791 


457.116 


30-1/8 


94.640 


712.762 


18-1/4 


57.334 


261.686 


24-1/4 


76.183 


461.864 


30-1/4 


95.033 


718.690 


18-3/8 


57.726 


266.182 


24-3/8 


76.576 


466.638 


30-3/8 


95.426 


724.641 


18-1/2 


58.119 


268.803 


24-1/2 


76.969 


471.436i 


30-1/2 


95.818 


730.618 


18-6/8 


58.512 


272.447 


24-6/8 


77.361 


476.259 


30-5/8 


96.211 


736.619 


18-3/4 


58.905 


276.117 


24-3/4 


77.754 


481.106 


30-3/4 


96.604 


742.644 


18-7/8 


59.297 


279.811 


24-7/8 


78.147 


486.978 


30-7/8 


96.996 


748.694 


19 


59.690 


283.629 


26 


78.540 


490.875 


31 


97.389 


754.769 


19-1/8 


60.083 


287.272 


25-1/8 


78.932 


495.796| 


31-1/8 


97.782 


760.868 


19-1/4 


60.475 


291.039 


25-1/4 


79.325 


500.741 


31-1/4 


98.175 


766.992 


19-3/8 


60.868 


294.831 


25-3/8 


79.718 


505.711 


31-3/8 


98.567 


773.140 


19-1/2 


61.261 


298.648 


25-1/2 


80.110 


610.706 


31-1/2 


98.968 


779.313 


19-5/8 


61.653 


302.489 


26-6/8 


80.503 


515.725 


31-6/8 


99.353 


785.610 


19-3/4 


62.046 


306.365 


26-3/4 


80.896 


520.769 


31-3/4 


99.745 


791.732 


19-7/8 


62.439 


310.246 


26-7/8 


81.288 


525.837 


31-7/8 


100.138 


797.978 


20 


62.832 


314.160 


26 


81.681 


530.930 


32 


100.531 


804.249 


20-1/8 


63.224 


318.099 


26-1/8 


82.074 


536.047 


32-1/8 


100.924 


810.545 


20-1/4 


63.617 


322.063 


26-1/4 


82.467 


541.189 


32-1/4 


101.316 


816.865 


20-8/8 


64.010 


326.051 


26-3/8 


82.859 


646.356 


32-3/8 


101.709 


823.209 


20-1/2 


64.402 


330.064 


26-1/2 


83.252 


651.547 


32-1/2 


102.102 


829.578 


20-5/8 


64.796 


334.101 


26-6/8 


83.645 


566.762 


32-6/8 


102.494 


835.972 


20-3/4 


65.188 


338.163 


26-3/4 


84.037 


662.002 


32-3/4 


102.887 


842.390 


20-7/8 


65.580 


342.260' 


26-7/8 


84.430 


567.267 


32-7/8 


103.280 


848.833 
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ELEMENTS OF HYDRAUUCS 



ClBCTTMrERBNCBS AND A&BAS OF CIBCLB8 — (ConHnUddi 



Duune- Ciroum- , Area 



ter I ferenoe square 
inches I inches ! inches 



Diame- 
ter 
inches 



CSreum- 

ferenoe 

inches 



square 
inehes 



f< 



89 


279.602 


6221.14! 


89-1/2 


281.173 


6291.25' 


90 


282.744 


6361.73 


90-1/2 


284.314 


6432.62 

1 



91-1/2 287.456 6573.56 



92 
92-1/2 

93 
93-1/2 

94 295.310 
94-1/2 296.881 

95 J298.452 
95-1/2 J300.022 

96 1301.593 
96-1/2 1302. 164 

97 I304.734 
97-1/2 306.306 

98 307.876 
98-1/2 309.446 

I 

99 311.018 
99-1/2 



289.027 6647.61 

290.598 6720.07 

I 

I 

292.168 6792.91 
293.739 6866.16,' 



6939.78; 

7013.81 

i 

7088.22 

j7163.04 ' 

j 

,7238.23 ■ 
,7313. 84 1 ; 

I I 
!7389.81 ' 

'7474.20,1 

! 

7542.96 
7620.12 



I 



I312.588 



7697.69: 

7776.64. 



100 
100-1/2 

101 
101-1/2 

102 
102-1/2 

103 
103-1/2 

104 
104-1/2 

105 
105-1/2 

106 
106-1/2 

107 
107-1/2 

108 
108-1/2 

109 
109-1/2 

110 
110-1/2 



314.150 
315.730 

317.301 
318.872 



320.442 
322.014 

323.584 
325.154 

326.726 
328.296 

329.867 
331.438 

333.009 
334.580 

336.150 
337.722 

339.292 
340.862 

342.434 
344.004 

345.575 
347.146 



7853.98 
7938.72 

8011.85 
8091.36 



8171.28 
8251.60 
I 
8332. 29 j 
8413.40- 



8494.87, 
8576.76' 



111 
111-1/2 

112 
112-1/2 

113 
113-1/2 

114 

114-1/2 

115 
115-1/2 



8659.01 116 
8741.68- 116-1/2 



8824.73. 
8908.20- 

i 

8992.02. 
9076.24' 

9160.88' 
9245.92 

9331.32 
9417.12 

9503.32 
9589.92; 



117 
117-1/2 

118 
ll*-l/2 

119 
119-1/2 

120 



348.717 
350.388 

851.858 
363.430 

855.000 
856.570 

358.142 
350.713 

361.283 
362.854 



97M. 
M74. 



9M0.3D 

10038.75 
10117.68 

10307.03 
10306.76 

10386.89 
10477.40 



364.425 10568.33 
365.996 10650.64 



367.566 10751.32 



360.138 

370.708 
372.278 

373.840 



10843.40 

10035.88 
11028.76 

11122.02 



375.420 11215.68 
376.991 111300.73 



HYDRAULIC DATA AND TABLES 



-Efflux Codppicuhts fob CiRcm^B Oainca 

r in Bq. (33). Vti.5S.Q- 3/aXbV^lBi" - k'fi, tot dnolu, 
with riurp (dcaa, lull sootnotion Mid tnt dinhui* In tit. 
Tor hesda dvpf 100 tt.,nn X - 0.SB3. 



UHd 


DiamelFrotorifl 


, , 1 


Mr Of 




1 






















orUhie 


o.os 


0.03 














0,30 


0.40 o,oo;o.80 1,0 


in ft 




















1 






. ..' |0.e37 


0.82810.621 10.613 












0,637|0,631 


0.824!o.818!o.612 










".'.'.'. 


0,M30.6M;0 827 




0.81S|0.6IO 


0,6050,800 


0,506 


0,602 ■■■■ 




OAS 


D S4D 


0.830 0.624 






0,605,0,801 




0,5030,580, ,., 




D.Ml 


0.B37 


0.6aBjO,63Z 




0.8110.807 


o,eo40,Boi 


0.B97 


0.504.0,6910.690 




D (MB 


O.OM 


0.638 0.820 




D.sio'a.606 


o.ooslo^ooi 


D.M7 


0,591 592 691 






0.8320.0310.818 






0.603!o,flOl'o,59S 


0,595,0.593 0.591 




0.644 


0,8310.8230.817 


0,81S 


0,aO8!o.605 


0,603|0,800|0,59B 


0,695 O.Se3'0, 591 






0.828 0.830 0.815 








0,floa;0.600;o,598 


0,5900. 504 '0,502 




o.eas 


0.825 0.8180,613 




0.805 


0.003 


0,«HjO 6000,699 


0,6900 5940.593 




oeae 


0.6340.81710.812 


^ 


0.606 


0.HO2 


O.flOIO. 6000, 599 


0.697'o 505'o,5M 




o.e»4io.e32!o.flifi'o.eii'o.soT 






O,«0l'0, 5990, 599 


0,507 0.595 0.695 




o.aaalo.Miio.flH'o.aiojo.eoz 


0,604 


0,601 


0,600 0, 5090, 699 


0.597 SDO'O 505 




0.629|O.aifl0.8lz!0.6OS,0,8OS 






0,800,0.599|o. 59910 508,0 6970.596 




O.e27|0,0170,flll 


0.608 


0.604 


0.803 


0,001 


0.800^0,699 0.699 0.598 0.597.0. 597 




D,e2s 


.....lo..!. 


0.608 


0.004 


0.602 


O.BOi 


O.flOo'o. 599 0, 590 0.598'o.597 0.598 






0,81410,609 










0. 599;0. 699,0. 698 0,597 0.507'0. 596 




O.Ml 


0,913 0.608 


0.605 




0,801 


0,599 


, B99i0 , 508.0, 698 , 597 , 596'0, 508 






0.8110,607 


0.60* 


0.802 






0,599|0,S98',D.598|0. 697,0.590 0.598 




0.018 


0,000'0.808 




0,601 


0.800 


590 


..™ 


0,508 
5SS 


95SjO, 59710, 5900. 596 




0.614 


0.608!o.6O5 


0.803 


0.801 


0. 600^0. 599 


0... 


O597!o,696!o.5900«0 














. 59810 , 507'0. 697;o , 596|0 , 600 . 595 


10, 




o:«»io:603 






O.SOfl'o 5B8 


0,5970 597,0,5970, 596J0 S960.S95 






O.fiOOO 509'O.WB 


0.507 


0.506:0.596 












0. $04 0.504 


0,594|0,6B4;0,694 0,504 0,5930.593 


100.0 


0.303 


O.50aO.M2O.,'5M 


0.5B2 


0,592 jo, 503 


. 592la . GOS'O. 592|0 , 5S2!0 , 502 . 692 
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ELEMENTS OF HYDRAULICS 



Tablb 10. > — ^ErrLuz Coimcmm tob Sqcabi Ordicb 

TahmofaauiooelEsiaatJCin Bq.On.Pu-U. Q - 3/S£bv'if(S*'* — Jk'"). faraq 
Ta-tioal oriAaea, villi dun* •dcM, full eoDmetua. and (na illanliaiaa u tla. 
For hsda onr 100 It. lua K - O-GH 



nrilire 


aide o( wjiare m feet | 


o.oa 


0,03 


0-04 0.« 0.07 0.10 0-12 


0,16 


o.ao 


0*0 


O.M 


0.80 


.. 






















0.3 




, ,.,'., ,10.6420. 6320, 6240,617:0,812 1 1 ,,-, 1 


0.* 




0,643 0, 637 0.828'o.62llo, 6160,011 1 ! \ . ,, | 








0.80S;O.8Oi;0.M>7 .,, 




D.aeo 


6450, 63610.6300.623 0,617,0. 6130, 610 




or 


O.SM 


0,642 0,633|0.62S0.621|0,616;0,012,0, 600 


0.6050,602 0,509 0.598 0.596 


~~~^ 


. ssalo , eso'o . 63 1 . 8zs|o . aao o . ais'o. ei i o , aos 


0.605 0,602 0,000 0,5tt8 0,597 




0.650,0,0370.8260.623 0. 0180, OM;O,OlOO.eO8'0.IWS|0. 6030. 801 0.599 0.808 




0,M8 0,fl3fl'o,028O.BM0,018O,6130,fll0 0.8080,5050,603 0,601 0,600 0,6« 




0-M<,o.6Z30.az5;o.8aoo.6i6o aii,o.609|0-607'o.8oso.6« o.aozo.ooi o,mo 


t * 


0.64i0, 830,0. 8Z3|0. 6190, 6U;0,610:0, 6080 6060,605 0,6MO 802 0,601,0,601 


^i~7 


0-64o'o.8ZS0, 821 0,BIt'o,613'o,609'o, 6070. eoo'o 005 0,605 0-6O3'0-«O2'0, Ml 




0.fl38O.6Z7:O.620'0.6l6'o,612O,6O9|0,«07 800,0.605 0,605,0.603 0.002 0.802 






2,5 


0-83*'o 8240 617;0,6t3 0,610|o 607 O.eoe'0, 606,0. 605 0,e0S'0. 604 0,603 0,601 




0.6320.6220.6160,6120.6090,6070.6060 600 , 6O5 , B05|0 0040,6030,603 


3,5 


0, «300,82l!o, 015 0,01i;o, 000 607 O.eoe'o, 806,0. 6050.8050, 6040, 603 0.602 




O.628!o.61fl;0,6u'0,610O.00S,O,6O6|O.6Q«;O-6O5 0,605 0-6050,603 0,603 0-802 






8.0 


0,6230. 8160, 612'0,000'0 6O7'o,0O5;0. 605.0 605 0,604 0.604,0,003 0-602 0-608 


7.0 


0.621 0.615 0,611 0.0080.607,0.805,0.6050.604 0,604 0,604'0 603 0-602 0,802 


go 


0.6190.8130 0l0'O-6O8O,SOfl'0,60s'o 804'o,004 0,6O4;o.6O3 O.OOS'O 602 602 





0,618 0,612 0.609;0. 6070,606,0, 604 0. 6O4'0. 604 0,6030,603'0, 6020. 60a;0, 601 








0,6060.6050 6O40 603 0, 602'0, 602:0.6020, 602 8020. 60l!o. 601 0,60:0,600 


.W 


0,602,0-6010.6010 601 0.6010, 6000. 600'0. 600 0,6000. 600 0,609 0,599 0. SOB 




0,5OT0.59S0 ,M80 598 0, 598 0,5n8'o, 5(IS 0, 5B8lo,598 0, 598'o 59eo,60S;0,SW 


■rron 


Hah 


LTOH 


Biirrm'a "Hydnnjlic." 
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Tablx 11. — FiBB SntiAifs 

Fran T*hlr* Publ<*h«d by John R, PrHoun 



.1.4-m. Sm<«th NO..J. 1 










Prwrnre in punndi per *i. in, ,t- 


Preaur. .t 

noiile in 
pound. p« 

«,.in. 








qiiired at hydnmt ot pump to m»in- 


□isshnrce in 


Hdrtl of 








.flwtivo 




D<u lenctlu oC 3-1/2-in. imoolh. 


min. 


RrotKim 


o( Blmm 


rubbtr-Unnl ha«. 














300 4001500 000 


800] 1000 










It. 


tt. 




ft. ft. lit. It. 


ft. It. 1 










37 


3B 




42 44| 461 48 




57 


40 




00 
















4S 


110 


M 


47 


4; 


4! 


SI 
67 


i 


iiti 


T. 


73 












59 




66 




SO 


60 


117 




.W 




6S 


68 


72 


76 


79] 831 90, 97 








M 




70 


71 


78 




86 90. 08; 100 














SO' 84 


88 


92 97,1051 114 


7S 


142 


78 




70 


81 


8S, BO 


94 


99 104 1131 132 










S* 


SO 






















107'll2 117:i38! 138 


SO 


i*a 


81 




94 


97 


10210a 
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SX 


86 
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S3 


68 
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38' 40 










40 
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64 98 78 
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52 
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57 
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5G 
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M 
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183la03.,223 


..,!..,, 
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FiKE Streamb— (Con(i 


nW) 


















1-1/8-1 


BhSmootb^oiile 










PreMiiTp in pounds per »q. in. r«]uirol 
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Hnriionlal 
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base of 
nossle 
lb. per 
•q. in. 



Firs STBBAMB—iContintud) 

From ezperimente made by Virgil R. Fleminc 



5/16-In. Noulb 



Disobarge 
gallonfl 

per 
minute 



Lose of head in 
100 ft. of hoee 



Rubber 

lined 

lb. per 

•q. in. 



Unlined 

linen 

lb. per 

sq. in. 



VerUcal 
height of 

jet for 
good fire 

stream 
feet 



Horiaontal distance of 



Jet for 

good fire 

stream 

feet 



Extreme 
drops at 

level 

of nossle 

feet 



ao 

30 
40 
60 

eo 

70 

80 

90 

100 



12 
15 
17 
19 
21 
23 
24 
26 
28 



0.7 
1.1 
1.5 
1.8 
2.2 
2.6 
2.9 
3.3 
3.7 



20 


25 


30 


30 


40 


35 


60 


39 


60 


43 


70 


47 


80 


50 


90 


53 


100 


56 



2.8 

4.2 

5.6 

7.0 

8.5 

9.8 

11.1 

12.7 

14.1 



1.3 
1 9 
2.6 
3.2 
3 9 
4.5 
5.2 
5.9 
6.5 



28 
32 
34 
35 
36 
37 
38 
39 
40 



7/16-In. Nouub 





5.1 




7.7 




10.2 




12.8 




16.3 




17.8 




20.3 




22.9 



25.5 



1/2-Iir. NouLB 



16 
18 
21 
23 
26 
28 
29 
30 
31 



53 
63 
71 
78 
84 
90 
96 
102 
107 




20 
30 
40 
60 
60 
70 
80 
90 
100 



33 
40 
46 
52 
57 
61 
65 
69 
73 



5.2 
7.7 
10.2 
12.8 
15.4 
18.0 
20.6 
23.0 
25.6 



9.5 
14.4 
18.8 
23.8 
28.5 
32.7 
38.4 
42.0 
47.0 



34 
37 
38 
39 
40 
41 
42 
43 
44 



15 
20 
25 
30 
33 
87 
40 
43 
46 



63 
79 
91 
102 
111 
120 
127 
134 
140 
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ELEMENTS OF HYDRAULICS 



Table 12.' — Coefficients of Pipe Friction 



Value of the friction coefficient /, in the formula 
Computed from the exponential formulas of Thrupp, Tutton and Unwin 



/^ 



Material 


Diameter 
in inches 


Velocity of flow in feet 


per leoond | 


2 


1 4 


1 6 


1 8 


1 10 




1 


0.032 


0.026 


0.024 


0.022 


0.021 


I^ad pipe 


2 


0.030 


0.025 


0.023 


0.021 


0.020 


• 


3 


0.029 


0.024 


0.022 


0.020 


0.010 




4 


0.028 


0.023 


0.021 


0.020 


0.010 


Wood pipe 


6 
12 
18 


0.034 
0.027 
0.024 


0.033 
0.027 
0.024 


0.032 
0.026 
0.023 


0.032 
0.026 
0.023 










24 
36 
48 


0.022 
0.020 
0.018 


0.022 
0.019 
0.018 


0.021 
0.019 
0.017 


0.021 
0.019 
0.017 






1 "''**■ " 




6 


0.026 


0.023 


0.022 


0.021 


0.020 




9 


0.025 


0.022 


0.021 


0.020 


0.010 




12 


0.024 


0.021 


0.020 


0.019 


0.010 


Asphalted pipe 


18 


0.023 


0.020 


0.019 


0.018 


0.018 




24 


0.022 


0.020 


0.018 


0.017 


0.017 




36 


0.021 


0.019 


0.017 


0.017 


0.016 




48 


0.020 


0.018 


0.017 


0.016 


0.015 




3 


0.024 


0.021 


0.010 


0.018 


0.017 




6 


0.022 


0.010 


0.017 


0.016 


0.016 




12 


0.019 


0.017 


0.015 


0.014 


0.014 


Bare wrought iron 


24 


0.017 


0.015 


0.014 


0.013 


0.012 


pipe 


36 


0.016 


0.014 


0.013 


0.012 


0.011 




48 


0.015 


0.013 


0.012 


0.011 


0.011 




60 


0.015 


0.013 


0.012 


0.011 


0.010 




12 


0.025 


0.022 


0.021 


0.020 


0.010 




24 


0.020 


0.018 


0.017 


0.016 


0.016 


Riveted wroufjfht iron 


36 


0.017 


0.016 


0.015 


0.014 


0.014 


or steel pipe 


48 


0.016 


0.014 


0.014 


0.013 


0.013 




60 


0.015 


0.013 


0.013 


0.012 


0.012 




72 


0.014 


0.013 


0.012 


0.011 


0.011 


New oast-iron pipe 


3 
6 
9 
12 
18 
24 
36 


0.028 
0.024 
0.021 
0.020 
0.018 
0.017 
0.015 


0.026 
0.022 
0.020 
0.010 
0.017 
0.016 
0.015 


0.025 
0.022 
0.020 
0.018 
0.017 
0.016 
0.014 


0.025 
0.021 
0.019 
0.018 
0.016 
0.015 
0.014 


















Old cast iron pipe 


3 
6 


0.050 
0.050 
0.046 
0.043 


0.058 
0.050 
0.045 
0.042 


0.058 
0.050 
0.045 
0.042 


0.058 
0.049 
0.044 
0.042 












18 
24 


0.039 
0.037 


0.039 
0.036 


0.038 
0.036 


0.038 
0.036 








36 


0.033 


0.033 


0.033 


0.032 





1 Compiled from data in Gibson's "Hydraulics." 
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Table 13. — FwcnoN Head in Pipes According to Exponential For- 
mula OF WiLUAMS AND HaZEN 

Friction head in feet for each 100 ft. of straight, clean, cast-iron pipe. For old pipes the 
tabular valnes of the friction head should be doubled. Computed from Williams and 
Haaen's formula, » — Cr« •>»••»« (0.001) -•>•«: v - velocity in feet per sec., « — slope; 
9 ■- hydraulic radius in feet, C — 100. 



Diseharie in gal- 
lons per min. 


Inside diameter of pipe | 


1/2 in. 


3/4 in. j 


1 m. 


1-1/2 in. 


2 


in. 


1 
Si 

> 


.9 - 

11 
.ii 


• 

c 
>» 6 

-2 ^ 
> * 


n 1 

o 8 c; i 
'? 8 


a 

1^ 


"5 *• 

£.92 


a 6 
- g 


11 

o Id 

•»• v« ** 

£.2 5 


1 t 


It 

fa -" 


1 
2 

3 

4 

5 

6 

10 
12 
15 


1.05 
2.10 
3.16 
4.21 
5.26 


2.1 

7.4 

15.8 

27.0 

41.0 


! 1 1 




II 1 r. i 


1.20 
1.80 
2.41 
3.01 


1.9 

4.1 

7.0 

10.5 




' ' |. • 


1.12 
1.49 
1.86 


1.26 
2.14 
3.25 


■■ 1 1 


0.63 
0.79 


0.26 
0.40 


! 




1 • • 




1 


0.20 
0.33 
0.50 
0.70 
1.07 


6.31 

8.42 

10.52 


57.0 

98.0 

147.0 


3.61 
4.81 
6.02 
7.22 
9.02 


14.7 
25.0 
38.0 
53.0 
80.0 


2.23 
2.98 
3.72 
4.46 
5.57 


4.55 

7.8 

11.7 

16.4 

25.0 


0.94 
1.26 
1.57 
1.89 
2.36 


0.56 
0.95 
1.43 
2.01 
3.05 


0.61 
0.82 
1 1.02 
1.23 
1.53 










20 
25 
30 
35 
40 

50 
60 
70 
80 
90 




12.03 


136.0 


7.44 

9.30 

11.15 

13.02 

14.88 

> 


42.0 

64.0 

89.0 
119.0 
152.0 

1 


3.15 
3.93 
4.72 
5.51 
6.30 


5.2 

7.8 

11.0 

14.7 

18.8 


^ 2.04 

! 2.55 

3.06 

3.57 

4.08 


1.82 

2.73 

3.84 

5.1 

6.6 


1 






' 
















f 


I 


7.87 

9.44 

11.02 

12.59 

14.17 


28.4 
39.6 
53.0 
68.0 
84.0 


5.11 
6.13 
7.15 
8.17 
9.19 


9.9 
13.9 
18.4 
23.7 
29.4 


" 

. ■ 




1 






' 


! 






' , 


1 


1 


1 






1 


100 
120 
140 
160 
180 

200 
250 




1 


15.74 
18.89 
22.04 


102.0 
143.0 
190.0 


10.21 
12.25 
14.30 
16.34 
18.38 


35.8 
50.0 
67.0 
86.0 
107.0 


; 


: 


1 ; 1 


' 1 ' ' _ .ii; ' 











1 


1 








1 
20.42 
25.53 ' 


129.0 
196.0 




1 j 







1 
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Fbiction Head in Pipes — (Contuiuwt) 



1 

ii 




2-1/2 m. 


Sin. 




Gin. 


Oio. 1 


1^ 


Ii 

1 ^ 


1 

u 

II 






Ii 


It 


il 




10 

20 
SB 
30 


O.BS 

1.31 
1.03 

i.ea 


0.61 


0,45 
O.Bl 


0.07 

0.26 
0.38 

o.u 


























O.Sl 


0.06 
0,00 


















0,«B 


0-01 










35 

00 

80 
90 
lOO 
120 


2.20 
2.01 

3.27 

fl.M 
7,84 
9.15 


2.20 
3.32 

B.8 
12.0 


2,27 

4.84 

B.36 


O.TI 
1 38 


0.8B 

1,28 
1,7B 

2,30 
2-SS 
3,06 


0,17 

0,34 
47 


0,67 

0,es 

0,08 
1,63 


0.06 
0,08 

0-16 






0.57 

0,68 

0,91 

1.13 
1.38 
1. 68 


0,03 
0-00 


4.06 
T.O 


1,22 


0,27 
0,58 


0,14 
17 

D 31 


200 
2M 


.3.07 


02,0 


B.08 


17.8 


4,08 
4,60 
5,11 
6,38 
7.B6 


L" 


2.01 


0,B8 

1-48 
2,24 


1.82 
2 84 


0,63 

0,B3 
1.3« 


4S0 
800 


28 14 

20.41 


156,0 


IB. 16 
20.43 
22.70 
24.66 


117,0 


10.21 
tl.49 

14.04 


12,4 

24^0 

2S,7 

67-0 


s.n 

7 35 

13,07 


8 1 


3.BS 

6.11 
6.68 

B.08 


1,73 
2,21 

3,98 


137,0 


17.87 
20.42 
22,08 


IB, 4 
24.0 
20.2 


9,93 
12,04 










































1300 

isoo 














IB. 61 


":: 


12 « 
















13.62 ! 16 
14,70 19.6 







































17.03 


... 1 
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Friction Hkad in Pipes — (Continued) i 



^P 








1d» 


> diameUr of 


pip. 






i! 


Sii.. 


10 


in. 


12 b. 




ta. 


20 to- 1 


1 

it 


.5 . 

n 
11 


1 


II 


1 

Ii 


ii 


1 


li 


1 

11 


li 
II 






































































07 












400 


oado 


■l.Boi 34 


1.13 


0,09 


i_^ 


0.01 


41 


O.OLO 


° "1 °'" 

31, 0.DO4 


«K) 






' 2.22 0.42 




O.M 












650 






1 Sf 






0.07 




0,017 


0.39, 0.006 






















700 


1.083 


1 3.10 


0.78 


1.9D 


0.2S 


I 38 


0.11 


U.77 


0,03 


0.60^ 0.(109 


800 


1 238 


1 3,65 


0.9« 


2 27 


34 


1 68 


M 


n 8n 


03 


57| 012 


900 


1.39S 




1.24 


3.56 






0.17 


1 (K 




0.64. O.OU 


1.000 






1.51 


a.H4 






0.21 


1.11 


0,05 


0.71 0.017 








I. SO 


3.11 


0.61 










1,100 


1.857 

2. air 


6.37 


2 M 


7^ 


0,71 
7^ 


2.06; 0,44 


1 33 


J^ 


0.85, 0.024 


1,500 


!«.85J3,18 


1 06 


0.04 


2.000 


3.09J 






I. 84 


3,94! 78 


aai 


0,19 


1 4! 


0.00 






;il.08 8.4 








2 75 




1.77 


0.09 


3,000 








3.86 


5.91, i.eo 








0.13 


3.fl00 


fl.19 




U.B3 
11.36 


5.19 


8. SB 2,13 


3. 88 


0,53 


7^" 


O.M 


- — — 


4,000 


£,000 


7.7* 




14 111 


10.05 


e,85i 4.10 


S M 


1.02 


3 65 
























V.000 


10.83 










7.76 


1.H0 


4.96 


M 


s.ooo 


12.38 








15,76 9,0 


8.86 


2,42 


5.67 


0.82 








9,000 


13 92 1 






17,73 12,2 


9.97 


3 02 


6 38 


1.02 


nX 


15.47 








19,70 18,0 


li'io 


iz 




\'it 


::::■;::::: ::;:;l:::: 


12,000 


18.57 








. . 


13 30 


5,2 


S 51 


1.74 


18,000 


23 21 










«.« 


7,8 


10, M 


2.62 






10.000 


24.7fl 




■| ' 


11.36 


2.94 






18,000 
19.000 


20.40 






ia,77 

1:1 47 


3.08 















30.000 


a 94 














14.18 


4. 48 
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Jj 

la 

II 
Is 


1 

-i 

1^ 




MID. 


sob. 


36 in. 


42 in. 


48 i». 


llll 
lUi 


i if 
III} 


ijii 

Pill 


1 It 

fill 


llll 
fl |£ 
h Ii 


2.0 
3.0 
3.S 

6.0 

8.0 

10.0 
12,0 

U.O 

18 

38 

28. 

32.0 

34.0 
3S.0 
38.0 

50,0 


1.647 
3.094 
4.M2 


0,49 0.007 

0.98' 0.02U 
l.a3j 0.03B 
l.4S| 0.055 


iSl'ZKT.Z 








ii 


o;9si o:oi8 


0.66 0.008 
0.77] 0.010 

1.7S 0.047 

2, IB 0,071 

2.63 0,090 

3.08 0.13 

3.64 0.21 

5:^1 I'fl 
7:^1 0:^ 


0,56 o.oos.l ' 

0.84 o.oo6i o,4B, o.oai 

0.80 O.OOB ' 0.02J 0.005 
1,13 0.017, 0,86 O.OOB 

is Hi i:i Hi? 

i!b3 0.047,, 1.4S 0.024 

2.25, O.Oa 1 1.72 0.032 

2!89| O^IO I'l 2.22: O.0S2 
3.22 0.12 Ii 2.461 0.063 


5.41 
6. ID 

?;?4 

a.3s 


1.72 0.07 ' l.ioi 0.025 
2,22] 0,12 1 1,42 0.030 


12,38 
18,67 


3.45 0.28 
3,041 0,34 

4.92 0.51 
6.01 0.71 

0.89 0.95 

lO^Ssi ^^9 
12.80 2.98 


2.21 0.09 
2.52| 0.11 

3,15 0,17 
3,78 0.24 

4.41 0.32 

5.U7 0,51 
8,30. 0.02 


2l,9fl 
30,94 


40.23 


7,Sfl 
a.2{ 

10.09 

ill,3S 
jll.08 


0,87 
1,48 


4.1( 

5,47 
5.79 

6.4( 


0.20 

l.S. 

0.29 


3,20 10 

3.94| 0.15 


SS.7 

58.8 

77,4 


1 68 1' 7 4*! IH 


0,32 

0.66 


4.10 17 




1,84 
2.04 


7.88 


0.76 


[" 'i 




10,96 


6,16 


0,34 






80.0 
70 
80 

m 


B 


1 


1 


13.13 


i.ge 


12.86 




7,39 


0,82 


1 










1.67 j 9.86 


;::;::;;::: :......:.;; 




■ : ■ 


1' 1 '113.31 
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Tablb 14. — Bazin's Valubs of Chezt's CoBFriasNT 

<K?*142)*''* •oefficient C in Ch«iy'«;formmU t - cVn Mcordinc to Bkiin's lormub 

C- - ?I - 



0.562 + 



m 









V 


r 






Hydraulic 

radius 

r, in 

feet 




Coefficient of roughness, m 






Planed tim- 
ber or 
smooth 
cement 


Unplaned 
timber, well ' 
laid brick, 
or concrete 


Ashlar, good 
/tubble mas- 
onry, or 
poor brick- 
work 


Earth in 

good 
condition 


Earth in 
ordinary 
condition 


Earth in 

bad 
condition 


m - 0.06 


m - 0.16 


m - 0.46 


m - 0.85 


m - 1.30 


m - 1.75 
14 


0.1 


117 


82 


43 


27 


19 


0.2 


127 


96 


55 


35 


25 


19 


0.3 


131 


103 


63 


41 


30 


23 


0.4 


135 


108 


68 


46 


33 


26 


0.5 


136 


112 


71 


50 


36 


29 


0.6 


138 


115 


76 


53 


39 


31 


0.7 


139 


117 


79 


55 


41 


33 


0.8 


141 


119 


82 


58 


43 


35 


0.9 


141 


121 


84 


60 


45 


36 


1.0 


142 


122 


86 


62 


47 


38 


1.25 


143 


125 


90 


66 


51 


41 


1.50 «^ 


145 


127 


94 J- 


70 


54 


44 


1.75 


145 


129 


.97 


73 


57 


47 


2.00 


146 


131 


99 


75 


59 


49 


2.5 


147 


133 


104 


80 * 


63 


53 


3.0 


148 


135 


106 


83 


67 


57 


4.0 


150 


138 


111 


89 


72 


61 


5.0 


150 


140 


115 


93 


77 


65 


6.0 


151 


141 


118 


97 


80 


69 


7.0 


152 


142 


120 


100 


83 


72 


8.0 


152 


143 


122 


102 


86 


74 


9.0 


152 


144 


123 


104 


88 


77 


10.0 


152 


145 


125 


106 


90 


79 


12.0 


153 


145 


127 


109 


94 


82 


15.0 


153 


147 


130 


113 


98 


86 


20.0 


154 


148 


133 


117 


103 


92 


30.0 


155 


150 


137 


123 


110 


100 


40.0 


155 


151 


139 


127 


115 


105 


50.0 


155 


151 


141 


129 


118 


100 
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Tabls 15. — Kijtteb's Valdes or Chkzt'b CoEmcizMT 

■ of the eacBtcienl C in Chny'i formuU • - CVn sccatdiac to Kuttcn I 
I) P«r. 140): 



I 0.00281', ■ 



Slop.. 


C«ffitiem of 


Hydraulic ruliu* r. in Icrt 1 


llO.2,0,<;O-90.a( 1 ll.fi! 2 1 3 1 4 1 8 1 8 |io|i»|2o| 












010 




97,111 


122 131148. ISO 177 IS8 20e'216 22S 240 240 


1 








109 1181133,144 160 172 188'l99.207 222 231 








B9 lOe 131'13l'l47 158 174134 192'206 215 




0.013 


28 38 


70 81 
51 60 


90| 97 
M 72 


111j121 


135 1*8,161 171 179193|I02 
in.1 113' 128 135 142 158104 


0.01 7 


0,020 




42, 4S 




83 r. 








17|2* 


32, 3S 


43 4; 




70 7H S8 98102114121 










35 31 


4sl 5( 


58 85 74; sal 87 «8,l0e 




0.035 




22 


130 


J^lJ! 


173 184 


SO 56| 84 7ll 76 M; M 
lB8 207!22o'228 234'244'250 




OOOB 


78100 


124 






07 83 










lT8!lS7 199'20e212 220Z28 






5fll^) 




IIK 


Iifl:i2( 


130|l48|lBl!l70,182 18S'lfl5;2OS2ll| 




O.Oli 


SI' W 


R> 


H> 


107 in 




13SI48,lSH'l68:i7S18i:i80 1B6 


iU 


0,013 




fl2 


7fl 


90 


98^104 


lie 


124<l38 14S'l5fll63 169 17SlM 


0,017 


3a 


44 


n7 


tw 


7ll 77| S7 






11 
















03S 




2f 


35 
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fl2 


71 77I 8S| 91 


96 104 110 




0.030 








37 40 « 






82 90 B« 




0.035 


" 


IS 




1581^178187 


tBs'zOD 215 221 


t:" 




OOOB 


I3n 


1411 






7t 


98'l1( 


131 


l40!l47 160,lfl8!l7a,JBfl:!95;201 


205 212 216 




0.011 


W 








132^144 151 182 16B|178!l81 




195 200 


s» 














164 17( 




181' 185 


















l:s 








^ 




T^iiw^b 


119'l24'l28 


'^ 


017 


37 


48 
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S7i fl! 


67 75; 81 8B 1m!102,1O7J1I1 


118122 






22 






S2 S9| 84 71 ! 76 84! 88' K 














42 48, 53 SB, M; 7ll 751 7( 


85! gg 
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Table 18. — Discharge per Inch of Length over Rectangular Notch 

Weirs 

Diacharse over sharp-crested, vertical, rectangular notch weirs in cubic feet per minute 

per inch of length 



Computed from Eq. (42), Par. 


66; Q - 


OAbh*^' 


' for b - 


1 in. 




I>epth on crest in 
inches 





1/8 


1/4 


3/8 


1/2 


6/8 


3/4 


7/8 





0.00 


0.01 


0.06 


0.09 


0.14 


0.19 


0.26 


0.32 


1 


0.40 


0.47 


0.65 


0.64 


0.73 


0.82 


0.92 


1.02 


2 


1.13 


1.23 


1.36 


1.46 


1.68 


1.70 


1.82 


1.96 


3 


2.07 


2.21 


2.34 


2.48 


2.61 


2.76 


2.90 


3.06 


4 


3.20 


3.35 


3.60 


3.66 


3.81 


3.97 


4.14 


4.30 


5 


4.47 


4.64 


4.81 


4.98 


6.15 


6.33 


6.51 


6.69 


6 


5.87 


6.06 


6.26 


6.44 


6.62 


6.82 


7.01 


7.21 


7 


7.40 


7.60 


7.80 


8.01 


8.21 


8.42 


8.63 


8.83 


8 


9.05 


9.26 


9.47 


9.69 


9.91 


10.13 


10.36 


10.67 


9 


10.80 


11.02 


11.26 


11.48 


11.71 


11.94 


12.17 


12.41 


10 


12.64 


12.88 


13.12 


13.36 


13.60 


13.86 


14.09 


14.34 


11 


14.59 


14.84 


16.09 


16.34 


16.69 


16.86 


16.11 


16.36 


12 


16.62 


16.88 


17.16 


17.41 


17.67 


17.94 


18.21 


18.47 


13 


18.74 


19.01 


19.29 


19.66 


19.84 


20.11 


20.39 


20.67 


14 


20.95 


21.23 


21.61 


21.80 


22.08 


22.37 


22.66 


22.94 


15 


23.23 


23.52 


23.82 


24.11 


24.40 


24.70 


26.00 


26.30 


16 


25.60 


25.90 


26.20 


26.60 


26.80 


27.11 


27.42 


27.72 


17 


28.03 


28.34 


28.66 


28.97 


29.28 


29.69 


29.91 


30.22 


18 


^0.54 


30.86 


31.18 


31.60 


31.82 


32.16 


32.47 


32.80 


19 


33.12 


33.45 


33.78 


34.11 


34.44 


34.77 


36.10 


36.44 


20 


35.77 


36.11 


36.46 


36.78 


37.12 


37.46 


37.80 


38.16 


21 


38.49 


38.84 


39.18 


39.63 


39.87 


40.24 


40.60 


40.96 


22 


41.28 


41.64 


41.98 


42.36 


42.68 


43.04 


43.44 


43.76 


23 


44.12 


44.48 


44.84 


45.20 


45.56 


46.96 


46.32 


46.68 


24 


47.04 


47.40 


47.76 


48.12 


48.62 


48.88 


49.28 


49.64 


25 


50.00 


50.40 


50.76 


61.08 


61.62 


61.88 


62.28 


62.64 


26 


53.04 


53.40 


53.80 


64.16 


64.66 


64.96 


66.36 


66.72 


27 


56.12 


56.52 


56.92 


67.32 


57.68 


68.08 


58.48 


58.88 


28 


59 . 28 


59.68 


60.08 


60.48 


00.84 


61.28 


61.68 


62.08 


29 


62.48 


62.88 


63.28 


63.68 


64.08 


64.62 


64.92 


66.32 


30 


65.72 


66.16 


66.56 


66.96 


67.36 


67.80 


68.20 


68.64 
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Table 19. — Discharge peb Foot of Length over Rbctangui^ar Notch 

Weirs 

Diseharce over diarp crested, vertical, rectangular notch weirt in cubic feet per ncond 
per foot oi length. Computed from £ki. (41), Par. 66: 









Q- 


3.3M>/sforb • 


- 1ft. 










1 Depth on crest 
in feat 


0.00 0.01 

i 


0.02 ; 0.03 0.04 : 0.05 

1 1 


0.06 


0.07 


0.06 


0.09 

1 


0.0 


0.000 


0.003 


0.009 


0.017 


0.026 


0.037 


0.049 


0.061 


0.075 


» 0.089 


0.1 


0.104 


0.120 


0.137 


0.155 


0.173 


0.192 


0.211 


0.231 


0.252 


0.273 


0.2 


0.295 


0.317 


0.341 


0.364 


0.388 


0.413 


0.438 


0.463 


0.486 


0.515 


0.3 


0.542 


0.570 


0.597 


0.626 


0.654 


0.683 


0.713 


0.743 


0.773 


0.804 


0.4 


0.835 


0.866 


0.898 


0.931 


0.963 


0.996 


1.030 


1.063 


1.008 


1.132 


0.5 


1.167 


1.202 


1.238 


1.273 1.309 


1.346 


1.383 


1.420 


1.458 


1.496 


0.6 


1.538 


1.572 


1.611 


1.650; 1.690 


1.729 


1.760 


1.810 


1.850 


1.882 


0.7 


1.933 


1.974 


2.016 


2.058; 2.101 


2.143 


2.187 


2.230 


2.273 


2.317 


0.8 


2.361 


2.406 


2.450 


2.495, 2.541 


2.586 


2.632 


2.678 


2.724 


2.768 


0.9 


2.818 


2.865 


2.912 


2.960| 3.008 

1 


3.055 


3.104 


3.152 


3.202| 3.251 


1.0 


3.300 


3.350 


3.399 


3.449' 3.501 


3.551 


3.600 


3.653 


3.703! 3.755 


1.1 


3.808 


3.858 


3.911 


3.963 


4.016 


4.069 


4.122 


4.178 


4.231; 4.283 


1.2 


4.340 


4.392 


4.448 


4.501 


4.557 


4.613 


4.666 


4.722 


4.7781 4.834 


13 


4.891 


4.947 


5.006 


5.062 5.118 


5.178 


5.234 


5.293 


5.349 5.409 


14 


5.468 


5.524 


5.584 


5.643 5.702 


6.762 


5.821 


5.881 


5.940 6.003 

1 


1.5 


6.062 


6.126 


6.184 


6.247,' 6.306 


6.369 


6.428 


6.491 


6.554 6.617 


1.6 


6.679; 6.742J 6.805 6.867 


6.930 


6.993 


7.059 


7.121 


7.187 


7.250 


1.7 


7.316 7.3791 7.445 7.508 


7.573 


7.639 


7.706 


7.772 


7.838 7.904 


1.8 


7.970 8.036! 8.IO2' 8.171 


8.237 


8^.303 


8.372 


8.438 


8.507| 8.573 


1.9 


8.M3 8.7121 8.778, 8.847 8.917 

' ! 1 


8.986 


9.055 


9.125 


0.194 


9.263 


2.0 


9.332 9.405i 9.474 9.544! 9.616 


9.686 


9.758 


9.827 


0.900 


9.908 


2.1 


10.042 10. 11510. 187 10.260 10. 332 j 10.4051 10. 478j 


10.550 


10.623 10.605 


2.2 


10.768 10. 841; 10. 916, 10. 989 11.065 11. 138! 11. 213| 


11.286 


11.362 11.435 


2.3 


11. 510,11. 586^11. 662|11. 738 11. 814jll.887i 


11.966 


12.042 


12.118 12.194 


2.4 


12.269.12.345 


12.425 12.500 12.576 


12.656 


12.731 


12.811 


12.890|l2.966 


2.5 


12.935 13.124 


13 . 200: 13 . 279' 13 . 358| 13 . 438; 


13.517 


13.596 


13.675 


13.754 


2 6 


13.834 13.916 13.995;i4.075 14.154 14.236 


14.315 


14.398 


14.477 


14.560 


2.7 


14.642 14.721 14.804 14.886 14.969 15.048 


15.131 


15.213 


15.296 


15.378 


2.8 ' 


15.461 15.543 15.629il5.71I,15.794:15.876| 


15.962 


16.045 


16.130 


16.213 


2 9 

1 


16.299 16.381 


16.467|16.550 16.635 16.721 


16.807 

• 


16.889 


16.975 


17.061 


3.0 
3.1 


17. 147; 17. 233 
18.01118.1011 


17. 3 isj 17. 404; 17. 490 17.579 
18. 186;18. 275 18.361 18.450 


17.665 
18.536 


17.751 
18.625 


17.837 
18.714 


17.926 
18.803 


3.2 
3.3 


18.889:i8.978|19.067 
19.784 19.873 19.962 


19. 157, 19. 246| 19. 335 
20.054 20.143 20.236 


19.424 
20.325 


19.513 
20.414 


19.602 
20.506 


19.094 
20.500 


3.4 

1 


20.688 20. 780|20. 873 


20.962 21.054; 

i 1 


21 . 146. 
22.074! 


21.239 


21.331 


21.424 


21.516 


3.5 


21.608 21.701 21.793 


21.886 21.978: 


22.166 


22.250 


22.354 


22.447 


3.6 


22.542 22:635 


22.730 


22.823 22.919 23.011 


23.107 


23.202 


23.295 


23.390 


3 7 


23.486 23.582 23.678'23.773 23.869 

1 1 


23.965 


24.060 


24.156 


24.252 


24.347 


3.8 ; 


24.446 24. 542' 24. 638124. 734 24.833 


24.928 


25.027 


25.123 


25.222 


25.318 


3.9 ; 


25.417 25.516 


25.611 


25.710 25.809 


25.905 


26.004 


26.103 


26.202 


26.301 


4.0 1 


26.400 26.499 


26.598 


26.697>26.796 


26.895 


26.997 


27.096 


27.195 


27.298 
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Table 20.' — Discharge per Foot of Length over Suppressed Weirs 

Ducharae over 8hari>-oretted, vertical, Buppressed weirs in cubic feet per tecond per foot 
of length. Computed by Baiin's formula (Art. XI) 



<, _ (0.405 + ^-^ ) (l + 0.56(^ *-^)') hhV2iK. for b 



1ft. 



Head on crest, h. 






Height 


of weir, d, in feet 






in feet \ 


2 


4 


6 


8 


10 


20 


30 


0.1 


0.13 


0.13 


0.13 


0.13 


0.13 


0.13 


0.13 


0.2 


0.33 


0.33 


0.33 


0.33 


0.33 


0.33 


0.33 


0.3 


0.58 


0.58 


0.58 


0.68 


0.68 


0.68 


0.68 


0.4 


0.88 


0.88 


0.87 


0.87 


0.87 


0.87 


0.87 


0.6 


1.23 


1.21 


1.21 


1.21 


1.21 


1.20 


1.20 


0.6 


1.62 


1.59 


1.58 


1.58 


1.67 


1.57 


1.57 


0.7 


2.04 


1.99 


1.98 


1.98 


1.97 


1.97 


1.97 


0.8 


2.50 


2.43 


2.41 


2.41 


2.40 


2.40 


2.40 


0.9 


3.00 


2.90 


2.88 


2.86 


2.86 


2.86 


2.85 


1.0 


3.53 


3.40 


3.36 


3.36 


3.34 


3.33 


3.33 


1.1 


4.09 


3.92 


3.87 


3.86 


3.86 


3.84 


3.84 


1.2 


4.68 


4.48 


4.42 


4.40 


4.38 


4.36 


4.36 


1.3 


5.31 


6.07 


4.99 


4.96 


4.94 


4.91 


4.91 


1.4 


5.99 


5.68 


6.58 


5.54 


5.52 


5.49 


5.48 


1.5 


6.68 


6.30 


6.20 


6.16 


6.13 


6.10 


6.09 


1.6 


7.40 


6.97 


6.84 


6.78 


6.74 


6.69 


6.69 


1.7 


8.14 


7.66 


7.49 


7.42 


7.39 


7.33 


7.32 


1.8 


8.93 


8.37 


8.18 


8.09 


8.06 


7.98 


7.96 


1.9 


9.76 


9.11 


8.89 


8.79 


8.74 


8.65 


8.63 


2.0 


10.58 


9.87 


9.62 


9.51 


9.44 


9.34 


9.32 


2.1 


11.45 


10.65 


10.37 


10.26 


10.17 


10.06 


10.02 


2.2 


12.34 


11.46 


11.14 


10.99 


10.91 


10.78 


10.75 


2.3 


13.24 


12.29 


11.93 


11.77 


11.66 


11.52 


11.48 


2.4 


14.20 


13.15 


12.75 


12.66 


12.46 


12.28 


12.24 


2.5 


16.17 


14.03 


13.59 


13.38 


13.26 


13.06 


13.01 


2.6 


16.16 


14.92 


14.44 


14.20 


14.07 


13.86 


13.80 


2.7 


17.18 


16.83 


15.31 


16.04 


14.92 


14.66 


14.60 


2.8 


18.23 


16.79 


16.21 


15.92 


15.76 


16.48 


16.42 


2.9 


19.29 


17.77 


17.11 


16.79 


16.63 


16.33 


16.26 


3.0 


20.39 


18.74 


18.06 


17.71 


17.52 


17.18 


17.10 


3.1 


21.50 


19.74 


19.02 


18.64 


18.42 


18.04 


17.96 


3.2 


22.64 


20.77 


19.98 


19.68 


19.34 


18.93 


18.83 


3.3 


23.81 


21.80 


20.98 


20.65 


20.27 


19.82 


19.73 


3.4 


24.98 


22.89 


21.99 


21.52 


21.24 


20.76 


20.63 


3.5 


26.20 


24.00 


23.01 


22.48 


22.22 


21.69 


21.60 


3.6 


27.41 


26.09 


24.06 


23.52 


23.20 


22.62 


22.48 


3.7 


28.64 


26.22 


25.14 


24.56 


24.20 


23.59 


23.43 


3.8 


29.94 


27.38 


26.22 


25.60 


25.23 


24.56 


24.39 


3.9 


31.21 


28.53 


27.33 


26.65 


26.26 


25.63 


26.34 


4.0 


32.54 


29.74 


28.45 


27.74 


27.32 


26.55 


26.36 


4.1 


33.85 


30.95 


29.69 


28.83 


28.36 


27.65 


27.33 


4.2 


36.22 


32.18 


30.76 


29.96 


29.48 


28.59 


28.36 


4.3 


36.69 


33.43 


31.93 


31.10 


30.58 


29.62 


29.37 


4.4 


37.99 


34.70 


33.12 


32.24 


31.70 


30.66 


30.42 


4.5 


39.40 


36.98 


34.33 


33.39 


32.83 


31.74 


31.47 


4.6 


40.83 


37.29 


35.66 


34.58 


33.98 


32.84 


32.63 


4.7 


42.29 


38.62 


36.82 


36.76 


36.13 


33.93 


33.61 


4.8 


43.76 


39.96 


38.07 


37.00 


36.33 


35.06 


34.70 


4.0 


46.22 


41.30 


39.36 


38.20 


37.49 


36.15 


35.77 


5.0 


46.71 


42.67 


40.62 


39.44 


38.70 


37.28 


36.88 



> Compiled from extensive hydraulic tables by Wii^LiAifs and Hakcn. 
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Table 21. — ^Pbincipubs 



Kinematios (moiioo) 



Linear motion 



Notation 



« 

r 

a 

v« 

F 

W 

m 

V 

I 
Ft 
mv 



displacement 

velocity 

acceleration 

initial velocity 

force 

P* ■« work 

mass 

mg — weight 

time 

impulse 

momentum 



Definitiomt 



d* 



dv dU 



di'^ " dl ^ dt* 



Uniformly 

accelerated motion 

accel. ~ const. 



V 



«♦ + n/ 
r«f + Jo/' 



at + Ci 



Derivation of 
above formulas 



dU d* 

dt^ " "' dt 
« = Jo<« + Cit + Ct 
If C - 0. V - V :.C\ - 
If ( . 0, « - \Ct - 



Relation between 

linear and 
angular motion 



at " ra 
a» — v-:r 



rot- 



V9 




at 

On 



Angular motioo 



# 



M 

W 
I 

t 

\Mt 



displacement 

velocity 

acceleration 

initial velocity 

torque about hited axis 

M9 - work 

Zmr> — moment of Inertia 

time 

impulse 

momentum 



d$ d*^ 

' dt' "' dt ■ 

If*- " «*•* + 24x9 



dC- 



d$ 



«. 



dt 



at -f Ci 



dt* 

# - |a|2 + Cit -f Ci 
If t . 0. «* " «M .'.Ci - tm 
If < - 0. # - /.Ci » 



tang. comp. of accel. 
normal comp. of accel. 



Derivation of first i 
two formulas | 




Arc AB 
ds 
dt 



ds - rd9 


V ^ ria 


d9 
'di 


dw d«» 
dt " di 


rta 


at ~ ra 



Derivation of 

normal accrl. 

for uoiforui 

circular motion 



If body at A were free, it would proceed 

in direction of tangent AB and in 

time t would reach B where AB " vt. 

Since it is found at C instead of B it 

j ^ V..^i«<^ must have experienced a central 

acceleration. 
I^t rtm denote this central acceleration. Then BC ■- |a»i-* 
By geometry BC X BD ^ AB* and in the limit BD approiiehes 2r. 
Hfncc \nnt* X 2r - vH*, from which a. = v*/r - «*V. 
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OF Mbchanics 



Dyxuunios (force) 



Fundamental law 



Linear motion 



F '^ ma 



Angular motion 



Af -/a 



Discuasion and 
derivation 



Principle of work 
and energy 



Derivation 



By experiment it is found that 
F cc a (Newton's 2nd Law) 
.'. F/a ■■ const., say m, whence 
F " ma. m ■■ intrinsic prop- 
erty of body called its mass. ' 
Mass " measured inertia. 

If F - then a « and hence i 
V — or constant, which ex- i 
presses Newton's 1st Law. 

F — impressed force, ma — kin- i 
etio reaction or inertia force. 

Equality F <- ma is dynamical ; 
expression of Newton's 3rd Law. 

mv* mvo* 
2 ~ 2 



Fi 



m 



Ck>naider rotation 

of rigid body 

about a fixed! 

axis. 

Then for a parti- 

ele of mass m at 

distance r from axis of rotation, 

law F — f*ia beeomea Fr ■■ 

or since a « m, Fr ■■ mrhi. 

By summation 

2 Fr •■ — mr«o 
But 

ZFt ^ M, and Z mr * 
.'.Af - la 



W " Fs 



F — ma, »• ■■ fo* + 2a* 

0* — v* 
.'. a« ■■ — s — t »nd 



W 






M — /a, ip» ■■ foi* + 2ao 
.*. ao — s — t »nd 



W " Ft 



mat ■■ 



mv« 



2 



W - Afo •- /ao - 



/w* -/«#> 



Principle of im- 
pulse ft momentum 

Derivation 

Power 

Centrifugal force 

Derivation 



Ft 



mv — mvt 



ATI - /«*, / 



«• 



F ■■ ma, w ■■ wo + a< 
.'. al ■■ u — vo, and 
F< ■■ mat ■■ m» — mvi 



Plower 



Fv 
Fw. h.p. - 55Q 



Af 


- 


/a, w 


■> 101 


+ a< 


• 
• • 


at 


■■ IS • 


- iPi, 


and 


Mt 


- 


lot - 


/w- 


- eisi 



Power o Afw, h.p. ■■ 



Ar« 

550 



D'Alembert's 
principle 



w w V* IS . 

-an a - — ■■ - ii>»r 
r 9 



Special case of F •> ma where m 



and a 



F - mj^ - 



Explanation and 
use 



F «■ mo where F « external impressed force and a •- accel. produced 
Introduced another force P, given by P ■■ — ma. Then by addition, 
F + P ■■ 0; {.«., the body is in equiUbrium under the action of F anc 
P. P is called the kinetic reaction, or reversed effective foroe, iinot 
P — — F. By introducing this idea of the Idnetio reaotions equili- 
brating the impressed forces, all problems in dynamics are reduced 
to statical problems. This is called d'Alembert's Principle, and ii 
usually expressed in the form 
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ELEMENTS OF HYDRAULICS 



h 
h' 



Tablb 22. — Submerged Weib Cobfficients.^ 
Values of the coefficient n in Herschers submerged weir formula 

depth of water measured to crest level on upstream side; 
' depth of water measured to crest level on downstream side. 



h 





1 


1 
2 1 3 

1 


4 


5 


6 


7 


8 9 


0.0 


1.000 


1.004 1.006 


1.006' 1.007 


1.007 


1.0071.0061.006 1.005 


0.1 


1.005 


1.003 


1.002 


1.000 


0.998 


0.996 


0.994 0.992 


0.989 0.987 


0.2 


0.985 


0.982 


0.980 


0.977 0.975 


0.972 


0.970 0.967 


0.9640.961 


0.3 


0.959 0.956 


0.953 


0.950 


0.947 


0.944 


0.9410.938 


0.935 0.932 


0.4 


0.929 


0.926 


0.922 


0.919 


0.915 


0.912 


.9080.904 


0.900i0.896 


0.5 


0.892 


0.888 


0.884 0.880 


0.875 


0.871 


0.8660.861 


0.856j0.851 


0.6 


0.846 


0.841 


0.836 0.830 


0.824 


0.818 


0.813,0.806 


0.8000.794 


0.7 


0.787 


0.780 


0.773 


0.766 


0.758 


0.750 


0.742:0.732 


0.723 


0.714 


0.8 


0.703 


0.692 0.681 


0.669 


0.656 


0.644 0.6310.618 


0.604 


0.590 


0.9 


0.574 


0.557 0.5391 0.520 


0.498 


0.4710.4410.402 


0.352 


0.275 



Values of the coefficient k in Fteley and Steams submerged weir 

h' 



formula 



= Xi(/i + ~)\//i-/i' 








1 


2 
3.33 


3 


4 

1 


5 


6 


7 


8 


9 


0.0 




3.33 


3.34 


3.34 


3.36 


3.37 


3.37 


3.37 3.37| 


0.1 


3.37 


3.36 


3.35 


3.34 


3.34 


3.33 


3.32 


3.31 


3.30 


3.29 


0.2 


3.29 


3.28 


3.27 


3.26 


3.26 


3.25 


3.24 


3.23 


3.23 


3.22 


0.3 


3.21 


3.21 


3.20 


3.19 


3.19 


3.18 


3.18 


3.17 


3.17 


3.16 


0.4 


3.16 


3.15 


3.15 


3.14 


3.14 


3.13 


3.13 


3.12 


3.12 


3.12 


0.5 


3.11 


3.11 


3.11 


3.10 


3.10 


3.10 


3.10 


3.10 


3.10 


3.09 


0.6 


3.09 


3.09 


3.09 


3.09 


3.09 


3.09 


3.09 


3.09 


3.09 


3.09 


0.7 


3.09 


3.09 


3.10 


3.10 


3.10 


3.10 


3.11 


3.11 


3.11 


3.12 


0.8 


3.12 


3.13 


3.13 


3.14 


3.14 


3.15 


3.16 


3.16 


3.17 


3.18 


0.9 


3.19 


3.20 


3.21 


3.22 


3.23 


3.25 


3.26 


3.28 


3.30 


3.33 



* "Hydraulics," Hughes and Sappord, pp. 228, 229. 
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Accumulator, hydraulic, 9 
Adjutage, 67 

Venturi, 69 
Age, deterioration with, 88 
Allievi's formula for water hammer, 

227 
American type of reaction turbine, 

189 
Appalachian Power Co. turbines, 282 
Aqueduct, Catskill, 15^-156 

Roman, 150 
Archimedes, theorem of, 24 



B 



Backwater, 138 
Barge canal, N. Y. State, 115 
Barker's mill, 169 
Barlow's formula, 18 
Barometer, mercury, 21 

water, 20 
Bazin's formula, 122 

for pipe flow, 101 

values of Chezy's coefficient, 
313 
Bends and elbows, resistance of, 89 
Bernoulli's theorem, 71 
Bimie's formula, li) 
Borda mouthpiece, 68 
Branching pipes, 103 
Breast wheel, 172 
Bulk modulus of water, 1 
Buoyancy, 22 

zero, 26 



C 



Capacity criterion, 204 
Cast-iron pipe, flow in, 80 
Catskill aqueduct, 153-15(5 

meter, 77 



Cedar Rapids turbines, 288 
Center of pressure, 14 
Centrifugal pumps, 246 
characteristics, 258 
design of, 265 
Characteristics of centrifugal pumps, 
258 
of impulse wheels, 178 
Characteristic speed, 205 
Chezy's coefficient, Bazin's values of, 
313 
Kutter's values of, 314 
formula for open channels, 121 
for pipe flow, 100 
Cippoletti weir, 57 
Circles, properties of, 298 
Clavarino's formula, 18 
Cock, head lost at, 95 
Coefficient of pipe friction, 85 
Complete contraction, 52 
Compound pipes, 102 
Concrete pipe, 89 
Conduits, flow in, 120 
Conical mouthpiece, 69-70 
Contracted weir, 53 
Contraction coefficient, 48 
of jet, 51 
of section, 94 
partial and complete, 52 
Crane, hydraulic, 11 
Critical velocity of flow, 78 
Current meter measurements, 128 
wheels, 169, 171 



D 



Dams, Catskill aqueduct system, 39 

Keokuk, 40 

stability of, 37 
Darcy's mod. of Pitot tube, 131 
Deep well cent, pump, 267 
Deflection of jet, 160 
Density of water, 3, 290 
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INDEX 



Demgn of centrifugal pumps, 265 
Differential gage, 22 

surge tank, 235 
Diffusion vanes, 252 
Diffusor, pressure developed in, 257 
Discharge equivalents, 292 
Displacement pumps, 238 
Divided flow, 102 
Doble bucket, 173 
Draft tube design, 194 

profile, 195 

theory of, 193 

time of flow through, 197 

use of, 190 
Draw down in surge tanks, 230 
Dry dock, floating, 266 
DuBuat's paradox, 138 
Dynamic pressure, 158 



E 



Effective head, 49 
Efficiency, hydraulic, 123 

of centrifugal pimip, 266 

of hydraulic press, 8 
ram, 238 

for moving vanes, 164 
Efflux coefficient, 49 

for circular orifice, 303 

for square orifice, 304 
Elasticity of water, 1 
Elevator, hydraulic, 11 
Energy of flow, 157 
Enlargement of section, 93 
Entrance, loss of head at, 84 
Equilibrium of fluids in contact, 19 
Exponential formula, 85, 88 

friction head from, 309 

Williams and Hazen, 101 



Foumeyron type of reaction tur- 
bine, 186 
Francis type of reaction turbine, 186 
Free surface of liquid in rotation, 218 
Freeman's experiments, 105 
Friction head in pipes, 300 

loss, 84 
Fteley and Steams formula, 324 
Fuller, W. E., 91 



Gage, differential, 22 

pressure, 21 
Gate valve, head lost at, 95 
Girard turbine, efficiency of, 181 
Graph of exponential formula, 87 



H 



Head and pressure equivalents, 291 

developed by cent, pumps, 262 

loss of, in pipes, 83 

lost at bends, 90 

varying, 64 
Hele-Shaw's experiments, 107 
Herschel, Clemens, 74 
Hook gage. 61 
Hydraulic dredging, 271 

efficiency, 123 

gradient, 97 

slope of, 98 

mining, 273 

motors, classification of, 171 
types of, 169 

press, 6 • 

efficiency of, 8 

radius, 99 

ram, 236 



Fire nozzles, 70 

pump, centrifugal, 270 

streams, 105 

tabic, 305 
Fleming's experiments, 106 
Fluid, properties of, 1 
Force pump, 240 



Impact on plane surface, 158 

surface of revolution, 159 

tube, theory of, 135 
Impellers, centrifugal pump, 249 
Impulse wheels, 170 

characteristics of, 178 

vane angles, 165 
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Impulse wheels, work absorbed by, 

16C 
Intcnsificr, 8 



Jack, hydraulic, 10 

Jet, pressure of, on surface, 157 

reaction of, 167 
Jonval type of reaction turbine, 186 
Joukowsky's formula, 226 



K 



Keokuk lock and dam, 31>-43 

turbines, 200 
Ivinetic pressure, 71 
Kutter's formula, 121 

for pipe flow, 101 
simplified formula, 123 
values of Chczy's coefficient, 
314 



Lamp's formula, 18 
Liquid, definition of, 1 

vein, 47 
Tioss of head in pipe flow, 83 

M 

Mariottc 8 flask, 06 
Mechanics, principles of, 322 
Metacentor, 26 

co5rdinates of, 27 
Metacentric height, 28 
Mine drainage, cent, pump for, 270 
Mixed flow type of turbine, 189 
Modulus of elasticity of water, 1 
Moritz, E. A., 85 

formula, table from, 316 
Mouthpiece, standard, 67 



N 



Natural channels, flow in, 126 
Xcedle nozzle, 175 
Xon-sinuous flow, 79 
Xon-imiform flow, backwater, 138 
Normal pressure of water, 2 



O 



Open channels, flow in, 120 
Operating range, normal. 210 
Orifice, circular, efflux coefficients 

for, 303 
sqiiare, efflux coefficients for, 

304 
Oscillation, period of, 29 
Overshot wheel, 172 



Packing, frictional resistance of, 7 
Parallel flow, 79 
Partial contraction, 52 
Pelton wheel, 173 

efficiency of, 177 
Penstock, economical size of, 214 
Piezometer, 21 
Pipe flow, 78-83 

friction, coefficient of, 85 

lines, power transmitted 
through, 214 

strength of, 17 
Pipe friction, coefficient of, 308 
Pipes, dimensions of, 295 
Pitometer, 132 
Pitot recorders, 134 

tube, 129 

calibration of, 137 
Poncelet wheel, 172 
Pressure, center of, 14 

change with depth, 13 

developed in cent, pump, 255 

equal transmission of, 3 

gage, mercury, 21 

head developed in cent, pumps, 
257 
kinetic, 72 

kinetic, 71, 97 

normal to surface, 2 

of jet on surface, 157 

proportional to area, 5 
Principles of mechanics, 322 
Pump cylinders, diameter of, 244 
Pumps, capacity of reciprocating, 
296 

centrifugal, 246 
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PumpSy displacement, 238 
Pump sizes, calculation of, 243 



R 



Ram, efficiency of, 238 

hydraulic, 236 
Rate of flow controller, 77 
Reaction of jet, 167 
turbines, 170 

classification of, 170, 208 
principle of, 168 
Rectangular notch weirs, discharge 
coefficients for, 318-320 
discharge from, 51 
orifice, discharge from, 50 
Riveted steel pipe, 88 
Rolling and pitching, 30 
Roman aqueducts, 150 
Rotation, liquid in, 218 



S 



Selection of stock runner, 211 

Service pipes, house, 143 

Sharp edged orifice, discharge from, 

51 
Siphon lock, 117 
modem. 111 
spillways, 112 
wheel settings, 120 
Slope of hydraulic gradient, 98 
Specific discharge. 207 
power, 207 
speed, 206-208 
weight, 3 
determination by experiment, 

24 
of various substances, 294 
physical definition of, 24 
Speed criterion, 203 
Stage pumps, 254 
Static pressure, 158 
Steam pump, 241 
Stock runner, selection of, 211 
Stream gaging, 126 
line, 47 

mouthpiece, 68 
Strength of pipe, 17 



Submerged weir, 54 

coefficients, 324 
Suction lift, maximum, 239 

pump, 238 
Suppressed weir, 54 

discharge from, 321 
Surge in surge tanks, 228 
tanks, 228 

differential, 235 



Tanks, filling and emptying, 63-65 
Throttling discharge of cent. pump. 

263 
Throttle valve, head lost at, 96 
Torricelli's theorem, 48 
Translation, horizontal linear, 217 

vertical linear, 218 
Trapezoidal weir, 57 
Triangular notch weir, 56 
Turbine pumps, 253 

setting, recent practice in, 198 



U 



Undershot wheel, 171 



Vane, pressure of jet on, 162 

work done on moving, 163 
Varying head, 64 
Velocity, critical, 78 

head, ideal, 47 

of approach, 52 
Venturi adjutage, 69 

meter, 74 
Viscosity coefficient, 79 

of water, 3 
Volute casing, 249 
Vortex chamber, 250 

W 

Water hammer in pipes, 221 

ordinary, 224 
Warren, Minton M., 221 
Water, properties of, 290 
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Wave, compression, in pipe, 223 
Weight of water, 290 
Weights and measures, 293 
Weir, Cippoletti, 57 

construction of, 60 

contracted, 53 

formulas, empirical, 58-59 

measurements, 60 
Weirs, proportioning, 62 

rectangular notch, discharge 
coefficients for, 318-320 



Weirs, submerged, 54 

coefficients, 324 
suppressed, 54 

discharge from, 321 
trapezoidal, 57 
triangular notch, 56 
Williams and Hazen's exponential 
formula, 101 
tables from, 309 
Wood stave pipe, 85 
discharge from, 316 
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